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Abstract 
In the recent years, radio-frequency identiﬁcation (RFID) technology has been widely 
integrated into application in modern society including as a successor to the barcode in 
the retail supply chain, remote monitoring, automatic detection, and smart healthcare. 
Looking ahead to the future, our lives will be surrounded by small, embedded and wire-
less electronic devices that provide information about everything for everybody in real 
time. At the core of this vision lie two key concepts: ubiquitous sensing and the Internet 
of Things. RFID technology is seen as one of the most prominent technologies of today 
for the implementation of these future concepts.  
This thesis investigates the possibilities of additive manufacturing (AM) methods, mainly 
inkjet printing and 3D direct write (DW) dispensing, for establishing passive ultra high 
frequency (UHF) RFID tags on novel eco-friendly substrates, such as paper, cardboard, 
wood, and textile. The selected conductive inks in this study are nanoparticle silver ink, 
graphene ink, and stretchable silver ink. 
The antenna-integrated circuit (IC) interconnection is also important in this study, as it 
influences the wireless performance of RFID tags by changing the impedance matching 
between IC and antenna. Thus, RFID tags with various IC attachment methods were 
evaluated to achieve better wireless performance and to simplify the fabrication proce-
dure. In addition, considering the actual use situations, the possibilities of RFID tags 
used in harsh environment, such as in high moisture conditions and under repeated 
mechanical stress, are very essential in this study. 
Most of the established tags in the thesis show excellent performance and achieve the 
requirements of a number of modern RFID applications, such as supply chain, wearable 
biomedical sensing, and environment monitoring. Especially promising are the stretcha-
ble 3D DW dispensed silver tags, which have a peak read range of around 10 meters. 
When integrated into textile substrates, these tags have countless applications in wear-
able wireless platforms. Moreover, environment-friendly graphene inks show great po-
tential to replace the high cost metallic inks in the future, as graphene tags showed ex-
cellent wireless performance in this study. In terms of reliability, by using a stretchable 
silver conductor, 3D DW dispensed RFID tags with embroidered antenna-IC intercon-
nections achieve high reliability during actual use situations of clothing-integrated wire-
less components, including stretching, bending and immersing.
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The results of this thesis create new paths for the production of environment-friendly 
electronics. They are especially useful for the RFID sector, as well as clothing-integrated 
electronics, wireless sensor networks (WSN), and packaging industries.  
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1 Introduction 
Over the past 50 years, the Internet has rapidly developed from the small intranet to the worldwide 
pervasive network, which can include billions of users. Nowadays, the small electronic devices 
embedded on physical things, extend the application of internet to everything surround us, which is 
called the Internet of things (IoT) [Bal17, Atz10, Gub13].  
In the IoT paradigm, most of physical objects in daily life, e.g. vehicles and home appliances, as well 
as people, can be connected by the internet and identify themselves to other devices. RFID 
technology, in which information and communication systems are invisibly embedded in the 
environment around us, is one of the key technology of the IoT. 
An RFID system contains three parts: a host, an RFID reader, and an RFID tag. An RFID tag is 
composed of an antenna and an application-speciﬁc integrated circuit. In the recent years, RFID 
tags has been widely integrated into application in modern society including as a successor to the 
barcode in the retail supply chain, remote monitoring, automatic detection, and smart healthcare. 
Thus, in this thesis novel materials and manufacturing methods for RFID tag antennas were studied, 
in order to achieve better wireless performance and lower cost. In addition, various types of IC 
attachement methods were utilized to simplify the fabrication of RFID tags and to improve the 
reliability of antenna-IC interconnections. 
This study was mainly experimental, most of all exploring the possibilities of very eco-friendly 
substrate materials: paper, cardboard, wood, and textile. Novel AM solutions, including inkjet printing 
and 3D DW dispensing, were utilized in the study. The possibilities of three kinds of conductive inks: 
nanoparticle silver ink, graphene ink, and stretchable silver ink, were also studied for manufacturing 
passive RFID tags. 
Nowadays, one of the main issues, which obstruct the RFID technology aquiring a wide range of 
commercial usage in identification applications, is the cost [Wan06]. Even though the prices for UHF 
RFID tags are not very high at the moment, beginning from few cents of Euro upwards, they do not 
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achieve the requirement of extremely low-cost products e. g. in the retail trade. However, cost 
reduction is not the main objective in the thesis. Briefly, the cost of antenna manufacturing can be 
decreased during two phases of tag fabrication process. Firstly, the cost can be reduced by replacing 
the high cost metallic ink with environment-friendly carbon-based ink. For instance, the price of 
Harmia nanoparticle silver ink is $7.46/g, while the cost of an inkjet printable graphene ink from 
Haydale Ltd. is only $0.57/g. In addition, novel IC attachment step, such as printed antenna-IC 
interconnections [Bjö15], can be selected to simplify the procedure as well as reduce the material 
cost by avoiding the usage of metallic epoxy glue. However, the exact value of the cost reduction 
can not be calculated in the thesis. 
Moreover, considering the environment and human health, it is necessary to avoid the harmful effect 
from metallic ink and electronics wastage. Renewable materials and minimal need of toxic or harmful 
materials and chemicals is extremely desirable in future electronics [Jun15]. Thus, finding 
environment-friendly materials to replace the traditional harmful materials is essential [Vir15]. In this 
study, RFID tags were fabricated on biodegradable green substrates, such as normal copy paper 
and packaging cardboard, to replace the high-cost, unrenewable, traditional polymer substrate 
materials, including polyesters, polycarbonate (PC), Polyethylene Terephthalate (PET), and 
Polyimide (PI). 
The possibilities of RFID tags used in harsh environments, such as in high moisture conditions and 
under repeated mechanical stress, are very essential to exploit the application area of RFID tags, 
especially for wearable RFID technology. Thus, enhancing the reliability of RFID tags was been an 
important and interesting topic recently [Akb16b, Chen17].   
In the thesis, the achieved results show that AM methods on a number of environment-friendly 
substrates using conductive inks are very promising enablers of the future RFID technology. 
Especially, the high-performance 3D DW dispensed tags are a very interesting approach for the 
future green high-volume electronics manufacturing for identification and sensing applications. 
However, inkjet printing is also a good consideration when high-precision printing work is required 
and it works well with selected green substrates. Considering the environmental issues, it can be 
concluded that carbon-based inks, e.g. graphene, have great potential to replace the high-cost and 
harmful metallic inks with 3D DW dispensing. In this thesis, novel manufaturing solutions for antenna-
IC interconnections were established. Also, the first reliabilty studies of RFID tags with various IC 
attachment methods were completed in this thesis. Based on the achieved results, the developed 
solutions enable more effective fabrication of eco-friendly RFID tags, especialy a combination of 
embroidering and 3D DW dispensing, which can achieve high read range (more than 3 meters) also 
in harsh environments. 
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The future of RFID require tagged items to report more information related to the state of the real-
world objects, such as temperature, humidity, and pressure. There is thus an obvious trend to inte-
grate RFID technology with WSN, which could be utilized widely in health monitoring, crack detection, 
and food quality evaluation. In this thesis, the success of fabricating green passive RFID tags, using 
both environment-friendly inks (e.g. graphene) and substrate materials (e.g. paper and wood), opens 
new doors for versatile RFID-based wireless solutions.  
1.1 Objectives and scope of the thesis 
The main objectives of my research are to establish new types of green passive RFID tags and to 
study effective additive fabrication methods and novel materials, mainly inkjet printing and 3D DW 
dispensing of the nanoparticle silver ink, the stretchable silver conductor and the graphene ink, to 
fabricate them. The objectives of the thesis are presented in detail in the following: 
 To manufacture RFID components directly on environmentally friendly substrates by using 
additive manufacturing methods and novel conductive materials. 
 To optimize the additive manufacturing methods and the use of materials to achieve simple, 
and fast production of wireless platforms. 
 To develop antenna-IC attachment methods that enable better wireless performance and 
simplify the fabrication procedure. 
 To examine, analyse, and improve the wireless performance and reliability of these novel 
green RFID components. 
1.2 Structure of the thesis 
This thesis outlines the work done in seven publications, which is divided into ﬁve chapters. The 
structure of thesis is shown in Figure 1. Chapter 1 provide a brief introduction about the aim, results, 
and structure of thesis, followed by author’s contributions. In chapter 2, basic knowledge of RFID 
technology and RFID measurement methods are explained. Chapter 3 represents the properties of 
utilized substrate materials as well as conductive inks. Chapter 4 presents AM methods for RFID tag 
antennas, which are utilized in this study. Chapter 4 introduces several IC attachment methods, 
together with the reliability study of RFID tags using these methods. Chapter 5 concludes the thesis 
results and presents my ideas for future research directions of passive UHF RFID technology. 
Introduction 
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Figure 1. Structure of the thesis 
1.3 Author’s contribution 
This thesis includes scientiﬁc outputs of seven publications. These publications are a result of col-
laboration. The contribution of the author is as follows: 
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Publication I, The author was the main contributor to this paper including: ink pre-treatments, fabri-
cation, and the measurement. The results were analyzed by the author. The manuscript was written 
by author and revised with the co-authors. 
Publication II, The author was the main contributor to this paper, including all fabrication steps and 
wireless measurements. The SEM pictures were made by Johanna Virkki in Osaka University. The 
author wrote the manuscript. The results were analyzed by the author. The manuscript was revised 
and improved with the co-authors. 
Publication III, The author was the main contributor to this paper. The fabrication was done with the 
help of Mitra Akbari. The author completed all the measurements. The results were analyzed by the 
author. The author wrote the manuscript. The manuscript was revised and improved with the co-
authors. 
Publication IV, The author was the main contributor to this paper. The fabrication was completed 
with the help of Mitra Akbari. The author completed all the measurements. The results were analyzed 
by the author. The author wrote the manuscript. The manuscript was revised and improved with the 
co-authors. 
Publication V, The author was the main contributor to this paper, including all fabrication steps and 
wireless measurements. The results were analyzed by the author. The author wrote the manuscript. 
The manuscript was revised and improved with the co-authors. 
Publication VI, The author was the main contributor to this paper, including all fabrication steps and 
wireless measurements. The results were analyzed by the author. The author wrote the manuscript. 
The manuscript was revised and improved with the co-authors. 
Publication VII, The author was the main contributor to this paper. The fabrication was done by the 
author. The measurement was completed with the help of Xiaochen Chen. The results were ana-
lyzed by the author. The author wrote the manuscript. The manuscript was revised and improved 
with the co-authors. 
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2 Basics of RFID Technology 
Radio-frequency identification (RFID) is an automated identification method that utilizes radio com-
munication to identify physical objects. It is advantageous over traditional optical automated identifi-
cation methods, like barcode systems, in various ways: RFID technology does not require a clear 
line of sight to sense the devices, it can identify different objects simultaneously, it can operate in 
harsh or dirty environments, identification information can be updated and classified, and RFID can 
be automatically operated without large human labor [Wyl06]. Thanks to these features, RFID has 
been implemented in numerous applications such as people and animals tracking [Fry05, Vou10], 
access control [Rie07], toll collection [Kam10], supply chain management [Mää16], and logistics ap-
plications [Pen06]. 
Every RFID system consists of three main components: A tag, a reader and a host computer. A tag, 
which primarily includes an antenna and an integrated circuit, is attached as a label to the object to 
be identified. The IC stores the identification information in its memory unit. ICs can be either read-
only or read-write. Read-only IC has the information stored when manufactured and cannot be al-
tered. Read-write IC allows the user to add or write over its original information. A reader is a radio 
transceiver that transmits and receives signal to communicate with the tag. The host computer is 
connected to the reader to control the reader and process the communication data. A general con-
figuration of a RFID system is shown in Figure 2 [Dob08]. 
Basics of RFID Technology 
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Figure 2. RFID system configuration. 
When a RFID tag enters the interrogation zone of a reader, the data stored in the tag IC, e.g. man-
ufacture data, serial numbers, and date of production, can be detected by the reader. After that, the 
host computer which connects to the reader, would process the data for different purposes. To de-
scribe the RFID system in an understandable way, the master-slave principle is illustrated in Figure 
3. Without the electromagnetic wave from the reader, the (passive) tag is inactive, therefore, we 
consider the reader as a master and tag as a slave. In addition, there is also master-slave relation-
ship between the reader and the host application. As a master, the host always sends commands 
and controls the reader after processing the identification information [Kar10]. 
 
Figure 3. The master-slave principle. 
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2.1 Classification of RFID systems  
RFID systems are typically categorized based on energy source of the tag and operation frequency 
band. 
2.1.1 Active, semi-passive, and passive RFID tags 
The tags in RFID systems can be divided as active, semi-passive and passive tags. An active tag 
contains its own power supply, usually an on-board battery, to provide power for the IC and trans-
mitting data to the reader. For transmitting, it synthesizes a carrier signal by using a local oscillator 
and crystal reference. Then the tag is able to communicate with different frequency channels in the 
specified frequency band. This can reduce the interference with other tags nearby. Active tag can 
start the communication first without being interrogated by the reader. The operational range of an 
active tag is significantly greater, several kilometers in some case, due to its high transmitting power. 
However, it suffers from high cost, extra size, and additional maintenance for the battery [Dod08].  
In semi-passive systems the tag has a battery, but it is used only to power up the IC, but the trans-
mission module works in a passive way, utilizing the modulated backscattering principle. Like active 
tags, semi-passive tags suffer from additional cost, size, maintenance requirement, although they 
also have higher read range than passive tags [Dod08].  
A passive tag is free from a local power source or its own radio transmitter. It fully relies on reader 
radio signal to power the tag circuitry and to send information back to the reader. The reader has to 
initialize the radio communication. The tag antenna receives the radio signal and induces a radio 
frequency voltage, which can ‘wake up’ the IC and generate the backscattered wave to the reader. 
Moreover, to modulate the backscattered wave with the tag information, a switchable transistor, 
which acts as a load to vary the input impedance, is utilized [Dod08]. The backscatter modulation 
principle is illustrated in Figure 4. Without any local batteries nor any conventional transmitters, the 
tag circuit can be extremely simple and cost is significantly reduced. Though the read range is less 
than that of an active tag, it still meets the requirement of many applications [Dod08]. 
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Figure 4. The backscatter modulation principle of passive RFID technology. 
Passive UHF RFID tags combine the advantages of passive tags and UHF RFID systems. This 
simplicity leads to favorable features like light weight, compact size, long lifetime (without battery 
maintenance or placement). The UHF frequency also enables these tags to have longer read range 
than low-frequency (LF) and high-frequency (HF) tags, up to tens of meters. The small wavelength 
leads to reduced size of the antennas. 
2.1.2 Operation frequency bands  
RFID systems operate in radio frequencies. The operation frequencies vary from 100 kHz to over 5 
GHz. The frequency is restricted in a narrow band for a certain RFID system. Typical frequency 
bands are: 125/134 kHz, 13.56 MHz, 860-960 MHz, and 2.4-2.45 GHz. The 125/134 kHz systems 
operate in LF band, hence they are referred to as LF systems. Readers and tags, which operate at 
13.56 MHz, are called HF systems. The 860-960 MHz and 2.4-2.45 GHz bands both belong to ultra-
high-frequency (UHF) band. For the convenience of distinguishing these two, readers operate in 
860-960 MHz are characterized as UHF systems and 2.4-2.45 GHz systems are known as micro-
wave systems. 
Electromagnetic waves travel in vacuum at the speed of light, c = 3*108 m/s. The wavelength of an 
electromagnetic wave with frequency f in vacuum, λ is defined as: λ = c/f. The wavelengths in RFID 
systems typically range from 2000 m to 12 cm. The antenna sizes are usually about 0.01-1 m. In LF 
systems and HF systems, the wavelength is much larger than the antenna size. The reader antenna 
and tag antenna are inductively coupled. On the other hand, in UHF systems and microwave sys-
tems, the antennas are radiatively coupled. In inductively coupled systems, the available energy 
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from the reader antenna concentrates in the near field of the antenna, a very close region near the 
antenna. In radiatively coupled system, the reader and tag communicate in the far field. One signifi-
cant difference between these two is that an inductively coupled system has a small read zone with 
read range comparable to the antenna size, while the radiative read zone is larger, complex and 
discontinuous. UHF and microwave tags also provide higher data rate than LF and HF tags. More 
details of RFID tags working in different frequency ranges are concluded in Table 1. 
Table 1. Frequency ranges of different RFID systems with the detailed information [Cha07, Dob05, Fen11, 
Fin03, Rid09]. 
Frequency range read range Advantages Disadvantages Applications 
LF 
typically 
smaller than 
0.5 meters 
Tolerant to metals and 
water; 
No restrictions of fre-
quency use. 
Low data transmis-
sion rate; 
Affected by electri-
cal noise. 
Animal tracking, 
Identifying metal 
objects. 
HF 
Approxi-
mately 1 m 
Quite tolerant to metals, 
water and electrical 
noise; 
Possibility to read multi-
ple tags simultaneously; 
Faster data transmis-
sion than in LF. 
Worldwide use of 
the 13.56 MHz fre-
quency; 
Limited range; 
Water and metals 
tolerance not as 
good as with LF. 
Credit cards, 
Access control 
cards, 
Passports. 
UHF 
typically 
4 – 5 m 
Long range High data 
transmission rate; 
Possibility to read multi-
ple tags simultaneously; 
Low-cost manufactur-
ing. 
Absorbed by wa-
ter; 
Reflected by met-
als; 
Interference with 
other applications 
Supply chain, 
IoT 
Microwave 
Approxi-
mately 1 m 
Very high data trans-
mission rate; 
Possibility to read many 
tags simultaneously; 
Very small size. 
Greatly absorbed 
by water; 
Greatly reflected 
by metals. 
Environment moni-
toring, 
Electronic toll col-
lection. 
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2.2 Applications of passive UHF RFID  
Nowadays, passive UHF RFID systems have a wide range of applications, including supply chain 
management, access control, human tracking, and remote monitoring, due to the following benefits: 
• Passive RFID does not require line-of-sight access to read the tag.  
• Passive RFID tags do not need on-board battery, which reduces the weight and enhances the 
lifetime. 
• The read range of a passive UHF RFID is larger than that of a bar code reader. 
• Readers can simultaneously communicate with multiple RFID tags. A reader collects detail infor-
mation in one pass, without having to scan each product. 
• RFID tags can store more data than traditional tags, such as bar codes. 
2.2.1 Supply chain management 
The main application area of Passive UHF RFID technology is supply chain management. Passive 
UHF RFID tags are utilized to track products from the factory to warehouse stock and point of sale 
[Ang05]. Integrating tags into the cargos could enable manufacturers or retailers, delivery conﬁr-
mation, and product information. The placement of shipped cargos during shipment can be achieved 
with no discrepancies and zero errors, by utilizing RFID technology. Thus, the efficiency and relia-
bility of the entire supply chain is improved further [Wei05, Mic05, Kar03].  
In Figure 5, Shenzhen Hopeland Technologies CO. Ltd provides an example of RFID-based supply 
chain management [Hop18]. Tags are attached on products during the manufacturing process, which 
could store all the related information of corresponding products. After that, products are shipped to 
the warehouse. When items are moved in or out of the warehouse, the read-write equipment regis-
ters it and forwards the data to the backend system. This allows the management center to manage 
the vast amounts of products going into and leaving the storage, recognize cargo and help with 
placement of the cargo in the warehouse [Hop18]. Finally, when products embedded with RFID tags 
enter a distribution center, the stored information in tags could be used to put products in proper 
places, sort them quickly and efficiently, and dispatch the cartons to the retailing centers in less time 
with improved accuracy [Hop18]. 
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Figure 5. An example of passive UHF RFID in supply chain management [Hop18].  
2.2.2 Smart homes 
Passive UHF tags combined with ambient sensors, could improve the quality of home life by assist-
ing human’s daily activities and taking care of the safe living environments. For instance, sensor tags 
with sensors for the temperature, humidity or gas monitoring, which are integrated into floors, walls, 
and windows, can monitor the temperature, humidity or gas in the home. RFID readers, which are 
located on walls or doors of monitored rooms, can connect to the mobile devices. These tags would 
be used to minimize energy consumption [Dow09a]; to provide early warnings of possible structural 
damages, e.g. water damages or to warn about the presence of toxic gases [Dow09b]. Another 
crucial feature of pervasive computing is its ability to monitor, track and identify activities performed 
by humans in different environments. Features such as these are enabled by UHF RFID based sen-
sor tags [Koc07] [Bue09]. For example, in [Bue09], everyday objects, such as coffee machine, TV, 
telephone, and book, are instrumented with UHF RFID tags and accelerometers. RFID readers along 
the walls can detect when the objects are used by examining this sensor data, and daily activities 
are then inferred from the traces of object. 
2.2.3 Human tracking 
Human tracking, especially for the elder or the disabled, is also an interesting application area of 
passive RFID technology. In recent research, wear tag-embedded bracelets or wristbands were uti-
lized to monitor attendance and to locate lost children in school [Lin10], the reader then forwards the 
information to the control center through a pocket switched network. In addition, wearable RFID tags, 
together with the fixed RFID readers, are able to track the position and ensure the safety of the 
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patients [Naj11, Per12b]. Therefore, wearable RFID technology plays an important role in this appli-
cation. 
As shown in Figure 6, the company Borda Technology has designed a RFID-based patient tracking 
system for hospital and health center [Bor18]. Firstly, wearable RFID Tags are given to all patients, 
which include personal information of corresponding individuals. Then, RFID Readers are installed 
at all essential points, such as rooms, stairways and corridors. Thus, the location of every patient 
could be detected. Last, the location of all patients can be monitored by mobile devices real time. 
Medical staff could arrive on time to help the patients when needed. 
 
Figure 6. A RFID-based real-time patient tracking system [Bor18]. 
2.2.4 Remote sensing and monitoring for healthcare 
RFID tags can be utilized as wearable sensors around human body, which has attracted lots of 
interests from international researchers recently. Sensors are placed on human body, e.g. wrist, 
neck, finger, and breast, to monitor physiological conditions of objectives, and help patients to main-
tain their health through biofeedback phenomena such as temperature analysis, sweating rate, 
breathing, heart rate, among others [Ame14]. 
Passive UHF RFID tags, with external temperature sensor, can be utilized for sensing applications. 
For example, in [Age16], two conductive fabric electrodes with interconnects were connected to an 
RFID heart rate detection circuit, which used an on-off keying modulation scheme, to receive and 
transmit heart rate data. [Ame14] represents a wearable RFID system to remote monitor the situation 
of people, which is shown in Figure 7. The system is capable to detect and report the presence or 
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the absence of the user in the bed, his jerky movements and his motion patterns, accidental falls, 
prolonged absence from the bed, prolonged periods of inactivity and interactions with nearby objects 
(glass, urinal, medicine, etc.). 
Furthermore, RFID tag antennas can be used as sensing elements directly instead of external sen-
sors. An epidermal passive strain sensor using UHF RFID tags is presented in [Rak14], which in-
tends to detect eyebrow or neck skin stretch to offer the possibility of allowing paraplegic patients to 
control wheelchairs. [Mer16] shows two types of wearable RFID sensors on human body to achieve 
sweat rate measurements. In [Lon15], a RFID-based wearable strain sensor was designed, which 
has the potential to monitor the movement of healing limbs and chest movements (breathing). 
 
Figure 7. A wearable RFID system for remote monitoring [Ame14]. 
2.3 RFID measurements 
For RFID technology, there are many parameters that can be measured to evaluate the wireless 
performance of RFID tags, such as read range of tags and antenna radiation pattern. In the thesis, 
all tags were tested in an anechoic measurement chamber by using Voyantic Tagformance RFID 
measurement system, which  includes an RFID reader with an adjustable transmission frequency 
(0.8…1 GHz) and output power (up to 30 dBm), and provides the recording of the backscattered 
signal strength (down to −80 dBm) from the tag under test. Figure 8 shows Voyantic Tagformance 
RFID measurement system and the chamber. 
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One important parameter, but by no means not the only, that describes the performance of an RFID 
tag is the read range. The read range is the maximum distance that the reader can successfully 
detect the tag. The maximal distance between the tag and the reader antenna in an environment 
without reflections or external disturbances is the theoretical read range of a tag [Publications I–VII].  
Power transfer between antenna and IC is best described by a power transmission coefficient (PTC) 
τ [Rao05, Vir13a]. This describes the power which is delivered to the load and reflected back to the 
reader [Vir13a]. Realized gain Gr can be analyzed using the path-loss measurement data from the 
measurement unit, which is also useful in antenna design [Vir13a]: 
𝐺𝑟 =
𝑃𝐼𝐶 
𝐿𝑓𝑤𝑑∗𝑃𝑇𝑆
                                                                 (1) 
where PIC is the tag IC sensitivity, and PTS and Lfwd are the measured threshold power and forward 
losses, respectively. After that, the H-plane and E-plane realized gains can be plotted as radiation 
patterns. 
Threshold power is an important parameter of an RFID system, it is the minimum power needed to 
activate the tag IC [Bjö09]. Threshold power of an arbitrary tag can be expressed as: 
𝑃𝑇𝑆 =
𝑃𝐼𝐶
𝐺𝑡𝑥𝐺𝑡𝑎𝑔𝜏(
𝜆
4𝜋𝑑
)2|𝜌𝑡𝑥⋅𝜌𝑡𝑎𝑔|
2                                                           (2) 
where PIC is the sensitivity of the RFID IC, Gtx and Gtag are the gains of the reader and tag antenna, 
τ is the PTC, λ is the wavelength of the signal from the reader, d is the distance between the tag and 
the reader antenna, ρtx and ρtag are the unit electric field vectors of the transmitter antenna and tag 
antenna. 
In addition, the sensitivity of the tag could be presented in equation (3) [Bal05, Der07, Rao05]. 
𝑃𝑡𝑎𝑔 = 𝑃𝑡𝑥𝐺𝑡𝑥𝐺𝑡𝑎𝑔(
𝜆
4𝜋𝑑
)                                                             (3) 
where Ptag is the power received by the tag antenna, Ptx is the power transmitted by the reader 
antenna. During the measurement of theoretical read range, Ptag is assumed to be the threshold 
value PTS. 
Finally, theoretical read range dTag, presented in equation (4), can be obtained from equation (3) 
using the Friis' equation [Bal05, Der07, Rao05]. 
𝑑𝑇𝑎𝑔 =
𝜆
4𝜋
√
𝑃𝑡𝑥𝐺𝑡𝑥𝐺𝑡𝑎𝑔τ
𝑃𝑇𝑆
                                                          (4) 
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Figure 8. Voyantic Tagformance RFID measurement system (left) and the anechoic chamber (right).
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3 Materials 
3.1 Substrate materials 
To extend the commercial usage of the passive RFID technology, it is essential to reduce the cost 
of RFID tags. Thus, the substrate material of RFID tag is always required to be inexpensive and 
easily available in large quantities [Per12a]. Furthermore, the substrate material should be environ-
ment-friendly which can be easily biodegraded after its life cycle. According to these requirements, 
paper, cardboard, wood and textile are selected in the study [Publications I–VII].  
In general, the electrical properties of substrate, including loss tangent and relative permittivity, could 
affect the electrical performance of a tag to some extent [Kel12, Vir12a, Vir13b]. However, in this 
study, the electrical properties of the substrates are good enough for the application area in the 
thesis. Hence, the wireless performance of RFID tags is mainly affected by the electrical properties 
of antenna materials. To achieve better wireless performance of the RFID tag, manufacturing pa-
rameters should be optimized in advance according to the electrical properties of the utilized mate-
rials [Publications I–VII]. 
Furthermore, the roughness of substrate surface and porosity of substrate material have a significant 
impact on electrical performance of RFID tags [Vir12a]. The conductive ink can be absorbed into a 
porous material, which lead to the uneven deposited ink layer on the substrate [Vir12a, Vir13b]. 
Examples of ink absorbing substrate materials used in this study include cardboard, textile and wood 
veneer. A cross section is shown in Figure 9 to illustrate the absorption of the stretchable ink on a 
cotton textile. 
Thus, the main constraint of the substrates utilized in this thesis is the roughness of the surface. 
Inkjet printing requires substrate with smooth and coated surface. While 3D DW dispensing can be 
operated on rougher materials. Curing temperature is not a restriction when select substrate in this 
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study. The highest curing temperature utilized in the thesis is 150 °C, which is tolerable for all the 
substrates. 
 
Figure 9. Ink absorption of the textile substrate. 
3.1.1 Polyimide film 
Kapton, which is a ﬂexible polyimide ﬁlm from Dupont, is used as the substrate in the thesis for AM. 
It has already proven as a substrate of choice for RFID applications based on past experience [Riz17]. 
Compared to the traditional Polyethylene terephthalate (PET) film, it has higher heat resistance, 
which makes it suitable for heat curing during the manufacturing process. 
3.1.2 Cardboard and paper 
Paper, which has a wide range of usage in daily life and industry, is an interesting substrate material 
for ultra-low-cost printed electronics [Ami12, Rid09]. Due to its low-cost, biodegradability and light-
weight, paper is well suited to AM [Ami12, Kim15, Ore11, Rid09]. There are various types of paper, 
according to a number of parameters, such as density, thickness, coating, and texture. These pa-
rameters, especially the coating materials, could affect the performance of paper as a substrate in 
AM [Rid09]. A proper coating, which can make the surface of the paper smooth, even, and water-
resistant, is a potential solution for the ink absorption problem [Vya09]. 
In general, cardboard has same properties as paper. However, compared to paper, cardboard usu-
ally has a rougher surface even with the same coating, which increases the difficulty.  
3.1.3 Wood 
Wood is a potential alternate as a substrate material in passive UHF RFID technology [Vir12b]. The 
benefits of the wood veneer, including environment-friendly, good durability, and low cost, make it 
popular in many RFID application areas, e.g. product packaging and retail. However, wood is not an 
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ideal choice for inkjet printing, mainly due to its porous and rough surface. The deposited inks on 
wood could be easily absorbed, hindering the nanoparticles to form conductive traces. Thus, three-
dimensional (3D) DW dispensing, which could generate high-volume ink flow, was selected in this 
study to manufacture RFID tags on wood veneer [Publication IV]. More details will be presented in 
the following chapters. 
3.1.4 Textile  
As a comfortable, warm, and reassuring material which could protect human skin from the environ-
ment, textile is the first and most natural interface for the body during the whole life. Clothing usually 
covers more than 80% of the skin, thus, textile material can be seen as the most appropriate interface 
to implement new sensorial and interactive functions. Functions like sensing, transmission, and en-
ergy generation are implementable through textile technology. Based on recent research results, 
textile becomes a potential substrate material for wearable RFID technology which could be inte-
grated with clothing easily, due to the flexibility, stretchability and stability [Cha13, Whi14, Publication 
VII]. 
3.2 Conductive inks 
AM methods with conductive ink has attracted lots of interest recently. Metallic nanoparticle (NP) 
inks, which can provide high conductivity printed ink layer, have been widely utilized recently with 
inkjet printing technology [publication I, II]. Gold (Au) and silver (Ag) are the conventional choices to 
form nanoparticle inks, while copper (Cu) and nickel (Ni) nanoparticles inks are also available. Silver 
has the highest conductivity among metals and the silver oxide is also conductive. The main draw-
back of silver ink is the high price, which limits its potential in mass production. Copper ink attracts 
tremendous interests due to its relatively high conductivity (slightly less than silver, higher than gold) 
and its low cost. The main limitation is that copper ink is easily oxidized in ambient environment and 
copper oxide is an insulator.  
In order to reduce the cost of materials, which could reach the requirement by RFID industry, other 
printable inks were studied to replace more expensive NP inks. The stretchable silver ink, which is 
suitable for 3D DW dispensing, could be an alternative [Publication VI, VII]. 
Moreover, let us consider the harmful effect from metallic particles to human body and environment. 
The novel carbon-based material, such as graphene, was studied in the thesis [Publication III-VI]. 
Graphene is an environmentally friendly and low-cost material with great electrical and mechanical 
properties. It can be used in AM [Kop15, Hua15, Akb16a] and it has the capacity to integrate with 
versatile materials, including porous substrates, such as cardboard and fabrics [Akb16a]. 
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Finally, curing is applied to establish a conductive trace or antenna on a substrate. This is realized 
by removing the solvents and dispersing agents from the ink, allowing the conductive particles to 
conduct by direct physical contact. Neck formation between the particles take place due to Ostwald 
ripening and surface-to-volume ratio reduction [Per08]. The curing process is a key step in printed 
electronics. It affects the mechanical and electrical properties. The time consumed by the curing 
process directly decides the whole inkjet printing manufacture time as deposition time is less flexible.  
There are different ways to eliminate the dispersing agents and the solvents. Thermal curing in an 
oven is the most conventional method, which was mostly utilized in the thesis. The curing parameters 
are specified by the ink properties, which will be introduced in the following contents.    
3.2.1 Silver nanoparticle ink 
Basically, nanoparticle inks consist of two fundamental parts: the liquid element and the dispersed 
or dissolved element. The liquid element, such as a kind of organic solvent, can decide the basic ink 
properties. The dispersed element, e.g. metal particles, is utilized for realizing the specific function. 
The diameter of particles in nanoparticle conductive inks is very small, generally from 1 nm to 100 
nm. Due to the particle size, this ink has several advantages, such as ease of dispersal in many 
solvents, high purity and high metal loading [Cal01]. Usually, high conductivity metal such as gold, 
silver and copper are selected in nanoparticle inks. Compared to silver or gold NP inks, copper NP 
inks have significantly lower cost [Ryu11, Par14]. However, copper ink is easily oxidezed in ambient 
environment and copper oxide is an insulator. Thus, silver nanoparticle ink is selected in this study. 
The size of inkjet printer nozzles is extremely small, thus, avoid blocking of nozzles, the diameter of 
particles should be small enough which is no more than 1-5 percent of the nozzle size [Cal01]. Thus, 
nanoparticle ink should be a proper choice of inkjet printing technology.  
Harima NPS-JL silver Nanoparticle ink was utilized in the study for inkjet printing on paper and card-
board. The properties of the used NP ink are shown in Table 2. 
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Table 2. Properties of Harima silver Nanoparticle ink [Har18]. 
Ink Ag NPS-JL NanoPaste® 
Solid content (wt%) 52-57 
Particle size (nm) 5-12 
Average particle size 
(nm) 
7 
Resistivity (µΩ∙cm) 4-6 
Viscosity (mPa∙s) 
11.5 (measured at 20°C and 60 
rpm) 
Recommended ther-
mal curing 
120-150 °C for 60 minutes 
Recently, the usage of nanoparticle inks attract a number of discussions, especially for the harmful 
effect of NPs to humans and environment [Saj15]. The current knowledge of these issues about NPs 
is seriously incomplete, which indicates that NPs and related products must be further studied before 
they are widely used in industry [Saj15]. Due to the extremely small size, there are several consid-
eration of NPs, such as high surface-to-volume ratio, which increases toxicity [Saj15]. In addition, 
their penetration ability to human or animal tissue, or into plants, increases [Saj15]. It has been found 
that NPs with diameter less than 35 nm can penetrate the blood-brain barrier, NPs smaller than 40 
nm can enter the nuclei of cells, and NPs smaller than 100 nm, e.g. the silver NPs used in the thesis, 
can enter into cells [Saj15]. Besides the particle size, other properties, such as shape and material 
of NPs, should be considered in terms of toxic effects of NPs [Saj15].  
3.2.2 Stretchable silver ink 
The growing interest towards wireless body area networks (WBAN) which will enable future body-
centric wireless communication and sensing applications, has created a huge demand for textile-
integrated electronics. The research and development work around WBAN technologies is currently 
very active [Van14, Zhe14, Ken09, Man12]. One key technology in this interesting area is wearable 
RFID technology, requires the antennas to be an integral part of clothing, and to endure repeated 
mechanical stress. This leads to the challenge of implementing stretchable and bendable antennas. 
A stretchable silver conductor (DuPont PE872) was selected as antenna material in the study. The 
stretchable silver ink has larger conductive particles than NP inks. This makes it unsuitable for inkjet 
printing, because they would not come out of the nozzles of a print head. However, it is very suitable 
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e.g. to brush-painting, 3D DW dispensing and screen printing, or in general, to processes where the 
ink is not dispensed through small nozzles. The properties of this stretchable silver ink are shown in 
Table 3. 
Table 3. Properties of DuPont PE872 stretchable silver ink [Dup18]. 
Ink DuPont PE872 
Solids (%) @ 150°C 60-65 
Dried Print Thickness (microns) 8-12 
Density (g/cc) 2.0 
Viscosity (PaS), 10rpm, 25°C 50-80 
Recommended thermal curing 100-160 °C for 2-10 minutes 
3.2.3 Graphene ink 
Graphene, as a 2-dimensional crystalline allotrope of carbon with low resistivity (10−6 Ω⋅cm) and 
high stability, has attracted many researchers and industrial sectors to adopt it as an alternative to 
traditional metallic elements for printed electronics, interconnects, and  semiconductor applications. 
Better manufacturability and higher reproducibility of graphene have also made it a prominent com-
petitor over carbon nanotubes (CNTs) in electronic applications. Favorable features of graphene, 
e.g., transparency and stretchability, also make graphene interconnects applicable in light emitting 
diodes (LEDs) for applications such as information displays and biomedical systems [Goo12]. 
As an environmentally friendly and low-cost conductive material, graphene has the capacity to inte-
grate with challenging substrate materials, such as soft and stretchable textiles [Hua15, Akb16b]. 
For those reasons, and because of graphene’s great electrical and mechanical properties, graphene-
based conductive inks were utilized in this study [publications I-III], by replacing traditional inks with 
metallic components. A water-based graphene ink (HDPlas® IGSC02002) (Haydale Ltd., UK) was 
selected in this study using 3D DW dispensing. The properties of the used inks are in Table 4. 
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Table 4. Properties of the graphene ink (HDPlas® IGSC02002) [Goo18]. 
Ink Graphene ink (HDPlas® IGSC02002) 
Solids (%) 40 
Thickness (microns) 13 micron wet emulsion, 7 micron dried 
Coverage Area (cm2/g) 550 
Viscosity (PaS) 5.5 
Sheet Resistvity 12 Ω/sq. (normalized to 25 microns) 
Recommended thermal curing 60°C and above for 30 minutes 
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4 Additive Antenna Manufacturing Techniques 
Basically, the manufacturing methods of RFID antennas are classified in two categories, which are 
subtractive manufacturing method and AM method. The principle of subtractive manufacturing is to 
remove the conductive materials from the redundant areas of the substrate. The typical subtractive 
manufacturing method is etching. On the contrary, the conductive materials is deposited only on 
desired areas during AM. Thus, due to the less wastage of the conductive material compared to 
etching [Hal11] or other subtractive manufacturing methods, AM was selected in the study for RFID 
tag antenna fabrication.  
One of the most signiﬁcant applications of printing technologies is in printable electronics. The print-
ing technologies such as inkjet printing and 3D printing are mold-free technologies along with low 
amount of consumed materials; they provide cost-eﬀective and rapid manufacturing process. 
4.1 Antenna patterns 
Two diﬀerent antenna patterns were optimized for AM in this thesis. The geometry dimension of the 
dipole antenna for inkjet printing is shown in Figure 10, which was previously utilized in [Vir12a]. The 
aim frequency of the antenna design is 915 MHz, but the antenna can achieve satisfied performance 
in broadband (850MHz to 1000MHz). In addition, the antenna design for 3D DW dispensing is shown 
in Figure 11, which was based on a design in [Bjö14]. This design has input impedance same as of 
used RFID IC input impedance. 
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Figure 10. The antenna pattern for inkjet printing. 
 
a (mm) b (mm) c (mm) L (mm) W (mm) 
14.3 8.125 2 100 20 
Figure 11. The antenna pattern for 3D DW dispensing. 
4.2 Inkjet printing  
Inkjet printing is a non-contact material deposition technology for manufacturing UHF RFID tags in 
recent years. Its additive nature allows it to provide fast, precise, and low-cost production on various 
novel substrates, such as papers, cardboard and polyimide film [Kim13, Mor12b]. 
Inkjet technology is classified as continuous inkjet (CIJ) and drop-on-demand (DoD) [Moh02]. In a 
CIJ system, an external electric field is applied to a continuous stream with electrostatic charge. The 
external electric field determines the droplet to land on the substrate or to be recycled. CIJ is a fast 
method with high drop velocity. However, low print resolution, extensive maintenance, and the risk 
of contamination during the ink recirculation limit the usage of CIJ technology [Der08]. 
A DoD printer contains nozzles that jet individual droplets when needed. The droplet generation is 
based on piezoelectric, thermal, electrostatic or acoustic elements. The most common modes are 
thermal and piezoelectric. In a thermal DoD system, ink is heated and vaporized. Ink vaporization 
produces bubbles that generate pressure to jet the droplets. This is widely used in conventional 
desktop printers. Piezoelectric mode is used for inkjet printing conductive nanoparticle inks because 
the high temperature in thermal mode will lead to ink curing [Sir03]. Piezoelectric inkjet print head is 
controlled by applying voltage pulses to the piezoelectric crystal to cause physical deformation to 
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allow the droplet to be jetted. The voltage amplitude and shape can be set accurately to allow high 
print accuracy. The print head is driven by electric precision motor to move in one direction while the 
platen that holds the substrate can move in a perpendicular direction such that the two-dimensional 
layout can be printed. The principle of the DoD printer is shown in Figure 12. 
 
Figure 12. The principle of DoD inkjet. 
Fujifilm Dimatix DMP-2831 material inkjet printer [Fuj18] with a platen area of 210 mm * 310 mm was 
selected for inkjet printing study [Publication I, II]. The printer is shown in Figure 13. The material 
printer is mounted with a 10 pL volume cartridge that has a print head with 16 nozzles. From 1 to 16 
nozzles can be selected for jetting the droplets. The pulse voltage applied to each nozzle can vary 
from 18V to 35V. The print head height can be adjusted according to the substrate thickness. Tem-
peratures for the platen and cartridge can be controlled between 40 C̊ to 60 C̊ and 28 C̊ to 35 ̊C, 
respectively. Pattern resolution ranges from 100 dot-per-inch (dpi) to 5080 dpi to fit different droplet 
spacing from 254 μm to 5 μm. These printing parameters are critical to control the ink flow from the 
print head. 
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Figure 13. Fujifilm Dimatix DMP-2831 material inkjet printer. 
Generally, the drop form is determined by jetting pulse shape and the jetting voltage of the nozzles 
could control the drop rate. With too high drop speed, too much ink would be deposited which will 
spread on substrate and destroy the shape of the designed pattern. When drop speed is slow, there 
could be insufficient ink to form ink layer with high conductivity [Lim13]. Substrate temperature could 
control the drying speed of deposited inks on the substrate while cartridge temperature can influence 
the viscosity of the ink, which can further change the quality of the ink flow [Kan11, Shi13]. 
Inkjet printing needs low viscosity liquid phase ink materials [Par07, Vir13a]. The inkjet inks should 
fulfil at least the following properties: have a very low viscosity, where no component separation 
occurs during high acceleration, and electrically conductive structures are possible to make with 
them [Fal11]. In the case of inks in inkjet printing, the electrical conductivity is achieved via conduc-
tive particles in a liquid, and to achieve the minimal component separation the particles should be 
as small as possible [Fal11]. The inks are printed through nozzles on a substrate, and after ink drying 
a conductive line is established. Printed particles do not form uniform, conductive material. Therefore 
directly after printing the conductive line is not conducting [Fal11]. The inkjet printed pattern comes 
conductive via curing; the conductive metal particles are sintered with each other establishing an 
electrically conductive connection between conductive particles [Par07]. 
One drawback with inkjet printing of RFID tags is that one printing layer produces very thin conduc-
tive layer. In addition, the very thin layer does not withstand e.g. the chip attachment process very 
well. Hence, multiple inkjet printed layers are needed for a good result [Publication I, Vya09]. In 
addition, with multiple inkjet printed layers also multiple curing rounds are needed [Publication I, 
Vya09]. This slows the process significantly. 
Inkjet printing on two types of papers (a coated one and an uncoated one) and a coated cardboard, 
together with Harima NPS-JL silver Nanoparticle ink, was studied in the thesis [Publication I]. Printing 
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parameters, including the jetting frequency, the jetting voltage, the temperature of the ink cartridge, 
as well as the pattern resolution, have to be optimized based on the ink and the substrate before 
printing. The pattern resolution is one of the most important parameters: printing with too high reso-
lution can cause bulging and too low resolution results in isolated drops. Generally, the printing res-
olution is decided by droplet spacing. Thus, ink droplets on every substrate should be measured 
firstly to ensure the appropriate droplet spacing, which is usually equal to the radius of the drop. 
Silver nanoparticle ink droplets on the coated paper, as an example, are shown in Figure 14. In 
addition, Table 5 represents the optimized printing parameters of inkjet printing using silver nano-
particle ink. 
The inkjet printed pattern on the uncoated paper shows no conductivity, the surface of the four-layer 
printed pattern is mostly black and no coherent metallic trace formed after curing, which is shown in 
Figure 15(a). Due to the absorption of the deposited ink by the uncoated substrate, there are insuf-
ficient metallic particles at the surface to form a conductive pattern.  
  
Figure 14. Silver nanoparticle ink droplets on the coated paper [Publication I]. 
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Table 5. Optimized inkjet printing parameters. 
Parameter  
Cartridge temperature (°C) 40 
Platen temperature (°C) 50 
Jetting voltage (V) 28 
Jetting frequency (kHz) 23 
Curing time (minutes) 60 
Curing temperature (°C) 150 
Printing resolution (dpi)  
(coated paper and cardboard) 
635 
Printing resolution (dpi) (uncoated paper) 508 
          
(a)                                                                              (b) 
Figure 15. The surface of: (a) inkjet printed pattern on the uncoated paper substrate, (b) inkjet printed pattern 
on the coated paper substrate [Publication I]. 
The coated paper was found to be a suitable substrate for inkjet printing. The surface of an inkjet-
printed tag on this paper is totally metallic although there are some small black holes and thin gaps, 
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as shown in Figure 15(b). To better understand the connection of the deposited ink layer and the 
coated paper substrate, the scanning electron microscopy (SEM) picture (Figure 16) is utilized to 
show the cross-section of an inkjet printed RFID tag. It indicates that proper coating could protect 
the paper substrate from ink absorption problem successfully. 
 
Figure 16. Cross-section of the inkjet-printed antenna on coated paper from SEM [Publication I]. 
Based on the results of inkjet-printed tags on the coated paper, more layers lead to longer read 
ranges, since more ink was deposited on the paper to form a thicker conductive pattern, which has 
lower losses and better radiation efficiency. However, judging from the wireless performance of tags 
on the coated cardboard, when more layers are printed, the read range decreases inversely. Thus, 
depositing multiple layers directly does not always correspond to a higher read range and the opti-
mized number of layers for antennas on each substrate material needs to be studied separately. 
4.3 3D direct write dispensing 
DW represents technologies which have ability to generate two-dimensional (2D) or 3D structures 
on any kinds of ﬂexible or rigid surfaces with planer or conformal complex geometry. The DW tech-
nologies require no masks or tooling [Li15, Cao15, Lew04, Mor09]. The most common structures 
using DW technologies are in passive or active electronic components such as conductors, insula-
tors, antennas, batteries, etc [Li15, Cao15]. In the AM community, deﬁnition of DW typically consists 
of manufacturing technologies to write or print structures or electronics directly from a computer ﬁle 
with feature resolution below 50 µm [Gib15]. 
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Due to the small size of inkjet printing nozzles, the deposited ink flow is quite limited. Thus, for 
substrates which have rough surface and obvious ink absorption, e.g. textile and wood veneer, inkjet 
printing is not a reasonable choice. Instead, 3D DW dispensing could be a better way to manufacture 
RFID tags on these substrates [Cao 15, Publication III-VII]. 
     
Figure 17. nScrypt 3D DW system with an ink syringe and a ceramic nozzle tip.            
As shown in Figure 17, nScrypt 3D DW system was used in the study, which equipped with a depo-
sition system and a ceramic nozzle tip. Firstly, the printing spacing and angle can be defined when 
designing the printed pattern, by a built-in software. After that, during the dispensing process, the air 
pressure from a positive pressure pump is applied to the system, which pushes the ink into the main 
valve body, and finally through the ceramic nozzle tip. The nozzle of DW systems is generally 
equipped with X-Y-Z motion control system and a scanning system, which guarantee the depositing 
accuracy during the printing. The example of printing scaﬀolds is shown in Figure 18. The parame-
ters of the utilized ceramic nozzle plays an important role in 3D DW dispensing, which can determine 
the shape and size of the deposited ink flow. By adjusting the air pressure from the pump, start and 
stop point of the ink flow, the deposition speed, and the size of the ceramic nozzles, the ink ﬂow 
could be controlled precisely. A wide spread variety of inks can be used in nozzle DW system such 
as solders, metallic or ceramic based inks, adhesives and epoxies. The viscosities of acceptable 
inks depend on many parameters, especially the size of the printing nozzles, printing temperature 
and feeding pressure. Larger nozzles, higher temperature, and higher pressure will allow inks with 
higher viscosities. However, the exact range of acceptable viscosities is hard to provide. The exam-
ple applications are to manufacture scaﬀolds and microﬂuidic networks. [Gib15, Lew04, The03]. The 
utilized printing parameters of DW dispensing for both graphene ink and stretchable silver ink are 
shown in Table 6. 
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Figure 18. Schematic illustration of direct writing [Gib15, Li07]. 
Table 6. Optimized parameters of 3D direct write dispensing. 
Parameter  
Material feed pressure 16.9 Psi 
Printing spacing 125 µm 
Printing angle 0° 
Inner/outer diameter of tip 125/175 µm 
Number of printed layers 1 
Publication III shows DW dispensed graphene-based RFID tags on cardboard packaging substrates: 
one has a rough, non-colored surface, while the other is smooth and colored white. The tag antennas 
were heated in an oven at 60 ℃ for 30 minutes. The peak read range of the tag on the smooth 
cardboard was around 3.8 meters, while the tag on rough cardboard has slightly shorter read range 
of 3.2 meters. In conclusion, the performance of graphene-based tags on the smooth cardboard is 
slightly better than tags on the rough one. It is probably due to the rough cardboard without any 
coating has more ink absorption than the smooth one.      
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In publication IV, graphene-based RFID tags were fabricated by 3D DW dispenser on wood veneer. 
The tag antennas were cured in an oven at 60 ℃ for 30 minutes, which leads to a peak read range 
of 4.5 meters. 
Publication VI compared the performance of DW dispensed RFID tags using graphene ink and 
stretchable silver ink on a 100% cotton textile substrate. Firstly, magnifications of finished antennas 
are shown in Figure 19. As can be seen, both inks had good adherence to the textile substrate. The 
peak read ranges of tags with graphene ink and stretchable ink were 4.8 meters and 10.9 meters, 
respectively. Based on the results, the performance of RFID tags with stretchable silver ink is much 
better than graphene-based tags. However, graphene-based tags, which have a peak read range of 
around 5 meters, also achieve the requirements of many RFID applications. 
       
Figure 19. The surface of RFID tags using the graphene ink (left) and stretchable silver ink (right) [Publica-
tion VI]. 
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5 IC Attachment and Reliability Studies 
IC is a critical component of the RFID tag. Nowadays, the IC could store more information than just 
the simple ID code of the chip. The IC can have additional read-only memory (ROM) and/or read-
write memory (R/W), which the reader can interact with. The ROM can contain for instance additional 
details connected to the item the tag is attached on. This information is typically something that does 
not need to be read every interrogation time of the tag, but this information is available when needed 
[Wan06]. The R/W memory can typically be used e.g. for storing time stamps or needed history data, 
for instance item’s previous owners [Wan06]. 
In this study, the used packaged RFID IC is NXP UCODE G2iL series IC [NXP14], which is shown 
in Figure 20. The chip has 128 bit electronic product code (EPC) memory, 64 bit tag identifier code 
(ID), and a low wake-up power of 15.8 µW (-18 dBm) [NXP14]. Tag ID includes a 32 bit factory 
locked unique serial number assigned by the IC manufacturer [NXP14]. The IC is mounted on a 
plastic strap with two copper pads on both sides by the manufacturer, which simplifies the IC attach-
ment process in laboratory by hand [Dea10]. Thus, the attachment between the strap and the fabric, 
which was carried out by the author, has more significant effect on the tag performance in the thesis. 
During the AM process, the most commonly used IC attachment approach is to glue the IC on the 
antenna directly with e.g. conductive epoxy. In this study two component Circuit Works Conductive 
Epoxy CW2400 is used for joining the copper pads of IC on the antenna pattern area. In addition, 
other methods are also studied to simplify the attachment procedure, decrease the materials cost, 
and improve the reliability of the interconnections between antenna and IC. Furthermore, the relia-
bility of antenna-IC interconnections is an interesting topic, which will be described in details next.   
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Figure 20. NXP UCODE G2iL series IC. 
5.1 IC attachment methods 
In this study, three different methods were studied for the antenna-microchip interconnection: The 
first method was a commonly used way, where the IC is attached on top of the printed and cured 
antenna with conductive silver epoxy (Circuit Works CW2400). This method has been used, e.g., in 
[Wan15, Che17, Mor12a]. It is proved that this epoxy glue shows good conductivity and establishes 
a well-working electric interconnection between antenna and IC. However, some challenges have 
been reported, such as reliability problems under mechanical stress and continuous washing [Wan15, 
Che17].  
In the second method, the antenna was deposited on top of the IC strap pads, and thus the antenna-
IC interconnection was cured together with the antenna. Before printing, a reference point on the 
fabric substrate needs to be set in order to determine the position of the antenna. Then, IC strap is 
placed on the exact position on the substrate, and the antenna is deposited on the substrate and on 
the IC strap copper pads. The strap does not need to attach to the fabric tightly. After printing, the 
deposited inks will connect the copper pads to the substrate very well.  This recently invented ap-
proach skips one process step, and thus saves significant amounts of time and costs. This type of 
IC attachment method has showed high conductivity in the thesis, where graphene ink and non-
stretchable silver ink [Bjö15] have been used to fabricate RFID tags.  
In the third method, embroidery technique was utilized for attaching the IC on the printed antenna 
pattern. The IC strap copper pads were embroidered on the fabricated antenna using Husqvarna 
Viking embroidery machine and conductive yarn (Shieldex multifilament thread 110f34 dtex 2-ply 
HC). The DC linear resistivity of the thread is 500 ± 100 Ω/m, and the diameter is approximately 0.16 
mm. We attached the IC strap copper pads to the 3D-printed antennas by embroidering a cross over 
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them with conductive yarn. As an example, Figure 21 shows 3D DW dispensed RFID tags with 
stretchable silver ink using these IC attachment methods and corresponding magnifications of the 
antenna-IC interconnections [Publication VII]. 
  
(a) 
 
(b) 
 
(c) 
Figure 21. RFID tags and magnifications of the antenna-IC interconnections: (a) epoxy-glued joint, (b) 3D-
printed joint, (c) embroidered joint [Publication VII]. 
5.1.1 Inkjet printing results for IC-antenna interconnections studies 
In publication II, inkjet printed tags using Harima NPS-JL silver nanoparticle ink were studied to 
compare epoxy-glued and printed antenna-IC interconnections. The assembled tags with the inkjet-
printed antenna-IC interconnections on paper and polyimide substrates are shown in Figure 22. As 
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a result, for each substrate, tags with both types of IC interconnections have similar wireless perfor-
mance. Thus, the inkjet-printed electric interconnection can be considered to be a good replacement 
for the epoxy-glued one. 
 
 
 
Figure 22. Manufactured tag and the magnification of the antenna-IC interconnection on paper (top) and on 
polyimide film (bottom) [Publication II]. 
5.1.2 3D DW dispensing results for IC-antenna interconnections studies 
Graphene-based RFID tags on a cotton substrate using 3D DW dispenser were studied in [publica-
tion V]. Assembled tags and magnifications of the antenna-IC interconnections are shown in Figure 
23. The wireless measurement results confirm that graphene RFID tags with printed antenna-IC 
interconnections achieve peak read ranges of 5.2 meters, which makes them superior to graphene 
tags with epoxy-glued ICs. The reliability study of these tags will be introduced in the following sec-
tion.  
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Figure 23. Ready passive UHF RFID tags with epoxy-glued antenna-IC interconnections (top) and 3D DW 
dispensed antenna-IC interconnections (bottom) [Publication V]. 
[Publication VII] represents 3D DW dispensed RFID tags on an elastic textile using stretchable silver 
ink. As presented in Figure 21, all previously mentioned IC attachment methods were compared in 
this work. As a result, all these tags show similar wireless performance. The peak read ranges of the 
tags with epoxy-glued joint, DW dispensed joint, and embroidered joint were 8.8 meters, 9.6 meters, 
and 8.1 meters, respectively. These results are very promising when compared to earlier reported 
RFID tag results: The performance is similar or superior to 3D-printed silver and copper RFID tags, 
respectively [Bjö15], and significantly superior to 3D-printed graphene RFID tags on textile sub-
strates. Further, none of these previously reported 3D-printed RFID components has been stretch-
able. More details will also be presented next. 
5.2 Reliability studies 
Passive RFID technology, which could be integrated into clothes, is one of the key technologies in 
this interesting area. During actual use, these wearable wireless components have to endure many 
kinds on environmental stresses, such as harsh weather conditions and continuous washing [Par16, 
Nay15, Wan15]. Also mechanical stresses, including stretching and bending, are always involved in 
wearable applications, and cause challenges for the design and manufacturing of wireless compo-
nents [Wan15, Chen17]. One major reliability challenge lies in the electric and mechanical intercon-
nections of wearable platforms [Nay15, Chen17]. Thus, as a potential selection for wearable RFID 
technology, the RFID tags using different IC attachment methods were evaluated in high moisture 
conditions, as well as during and after cycling bending and stretching [Publication VII]. 
5.2.1 Stretching test 
As for the stretching test, the performance of the tags was studied by stretching them from the initial 
length of 100 mm to 105 mm, 110 mm, and 115 mm. The stretching was done by attaching the tags 
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to the foam structure with tape. The components were measured during each elongation. In Publi-
cation VII, 3D DW dispensing together with stretchable silver conductor were utilized to manufacture 
RFID tags on a stretchable fabric. After that, the wireless performance and reliability of tags using 
different IC attachment methods were evaluated. Firstly, simple printed lines with dimension of 60 
mm x 10 mm were studied, instead of fully printed antennas, to understand the ink properties during 
reliability test. The impact of stretching on the resistances of the printed lines was studied by stretch-
ing them from the initial length of 60 mm to 80 mm. The resistance measurements in this study were 
done using a Fluke 115 multimeter. The measurement probes were placed in the opposite corners 
of the printed lines, along longitudinal direction (60 mm). The resistance results during strain are 
shown in Table 7. Then, as described in Table 8, the resistances of the printed lines were measured 
after 10, 20, 50, and 100 stretching cycles, where the lines were stretched from 60 mm to 80 mm 
and back. The frequency of the stretching cycles was 10 times / minute. The resistances were meas-
ured immediately after the stretching cycles.  
The surface of a printed pattern before and during stretching is shown in Figure 24. As can be seen, 
the ink layer had a good adherence to the fabric substrate before stretching. During stretching, there 
are some small cracks, which leads to the increase of the resistance, as presented Table 7. The 
increased resistances in Table 8, on the other hand, are caused by these small cracks not fully 
returning to their initial smooth structure immediately after strain.  
        
Figure 24. Optical microscopic image of a 3D-printed line before stretching (left) and during stretching (right) 
[Publication VII]. 
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Table 7. The resistance of the printed line during various strain positions. 
Length (mm) Resistance (Ω) 
60 (initial) 0.7 
70 9.2 
80 21.5 
Table 8. The resistance of the printed line after stretching cycles. 
Stretching cycles Resistance (Ω) 
initial 0.7 
10 2.3 
20 5.5 
50 22.4 
100 66.7 
After 1 week recovery 1.9 
After that, the reliability of DW dispensed RFID tags, with three different methods for IC attachment, 
were evaluated. The tags with epoxy-glued IC attachment and 3D-printed IC attachment were not 
stretchable, since the antenna-IC interconnections of these tags were easily broken. See Figure 25 
for broken IC attachments. The attainable read ranges of the tags with embroidered antenna-IC 
interconnections under incremental strains from 0 % to 15 % are presented in Figure 26(a). In addi-
tion, Figure 26(b) shows the attainable read ranges in a non-stretched state after 20, 50, and 100 
stretching cycles, where the tags were stretched from 100 mm to 115 mm each time. The frequency 
of the stretching cycles was 10 times / minute. After all stretching cycles, the tags recovered in room 
conditions for 5 days, and the performance was measured again. 
As a result, tags with embroidered antenna-IC joints experienced a slight downward shift in the fre-
quency of the peak read range when stretched increasingly. It is noticeable that the peak read range 
value was only slightly effected by the harsh strain, and the tags showed excellent read ranges of 
over 6 meters throughout the global UHF frequency band, even when stretched from 100 mm to 115 
mm. Moreover, after a 100 stretching cycles (stretched from 100 mm to 115 mm each time), the 
peak read range was still around 7 meters. It can be seen that the reduction in the performance of 
the non-stretched state tag also declined with the number of stretching cycles. After recovered 5 
days in room conditions, the read range returned to 8 meters, which is only 0.8 meters less than the 
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initial performance. After stretching, the surface of the conductor layer had serious cracks, which 
affected the antenna resistance and thus decreased the RFID tag read range. However, a few days 
recovery on an office table, the conductor layer revised back from elongation. The cracks were 
smaller although there is a permanent change in the conductive layer structure. Thus, the read range 
of the tag increases after 5-day recovery. Thus, the tag with embroidered antenna-IC interconnec-
tions is quite reliable during the stretching test. 
       
Figure 25. Broken antenna-IC interconnections of epoxy-glued joint (left) and 3D-printed joint (right) [Publica-
tion VII]. 
 
Figure 26. Attainable read ranges of a tag with an embroidered antenna-IC joint: (a) during various elonga-
tions, (b) after multiple stretching cycles (stretched from 100 mm to 115 mm each time) [Publication VII]. 
IC Attachment and Reliability Studies 
42 
 
5.2.2 Immersing test 
During the immersing test, the tags were placed in tap water (pH = 6.5-7) and wirelessly measured 
immediately after one-minute dipping. After that, these tags were left in room conditions to dry and 
are measured again after 1 hour, 1 day, and finally 1 week, when they were total dry. As mentioned 
before, publication V shows the 3D DW dispensed tags with different IC attachment methods on a 
100% cotton fabric. Due to the properties of the graphene ink, DW dispensed tags shows insufficient 
elasticity and flexibility. Thus, only immersing test were applied in the study. Figure 27 represents 
the results of the immersing test for tags with both IC attachment. It indicates that the effect of hu-
midity on the tags with the epoxy-glued ICs is more significant, most probably due to the moisture 
absorption of the glue itself, and the effect of that to the antenna-IC impedance matching. 
In publication VII, it is concluded that humidity has no effect on conductivity of the line pattern. In 
addition to the tag performance, the read ranges of all types of tags decrease after 1 minute in water. 
The absorbed moisture affects the dielectric constant and loss tangent of the fabric substrate, which 
affects the performance of the antenna, as well as the antenna-IC impedance matching, and thus 
the wireless performance of the tags. After drying for one hour in room conditions, the read ranges 
of all types of tags have increased close to normal, but there is still a significant shift in the peak 
frequency range, caused by the absorbed moisture. When the tags are dry again, the wireless re-
sponses of all types of tags have returned to the initial performance. Thus, the humidity did not have 
a permanent effect on the performance of these tags. 
 
Figure 27. Read ranges of graphene RFID tags before and after high humidity conditions: (a) epoxy-glued IC 
attachment, (b) printed IC attachment [Publication V]. 
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5.2.3 Bending test 
In the bending test, the tags were bent over a 30 mm thick structure in Y-direction. The wireless 
performance was measured at different steps: before bending, when bent, and in a non-bended state 
after up to 100 bending cycles. The frequency of the bending cycles was 10 times / minute. This 
thesis provides the first step of the bending test, while all the measurements were operated in an 
anechoic chamber. Thus, the bending reliability was not evaluated on human body. The main pur-
pose of the test is to study the performance of tag antennas after the structure change. Next, bending 
tests on human body with a larger amount of samples will be carried out for reliability evaluation. 
In Publication VII, the results present that the read ranges of all types of tags decrease about 2 
meters during bending, but when measured in the non-bended state, the performance of these tags 
is stable even after a 100 times of bending. In conclusion, multiple bending cycles did not affect all 
kinds of tags obviously.  
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6 Discussion and Conclusions 
In the future, our lives will be surrounded by invisible embedded electronic devices, which can gather 
information about their environment and forward it to other devices and people. Everything will be 
identifiable, traceable and in some cases able to communicate with each other. RFID, along with 
other wireless sensing technologies, offering low-cost and high-effective communication, is a poten-
tial solution for wireless communication and the IoT. 
The main obstacle of passive UHF RFID is the cost of the tags. In order to achieve the omnipresent 
worldwide usage of RFID, the tag fabrication costs should be as low as possible. In addition, the 
harmful effect of RFID tags to environment and human body should be minimized. Finally, the relia-
bility of RFID tags in harsh environments should be improved for the long-term usage.  
In this thesis, diﬀerent AM methods, including inkjet printing and 3D DW dispensing, are utilized for 
depositing conductive inks on versatile eco-friendly substrates. The possibilities of selected conduc-
tive inks, such as nanoparticle silver ink, graphene ink, and stretchable silver ink, are studied for 
manufacturing UHF passive RFID tags on environment-friendly substrates: paper, cardboard, wood, 
and textile. The general fabrication process of passive RFID tags is illustrated in Figure 29. 
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Figure 29. The illustration of the whole RFID tag fabrication process. 
6.1 Discussion 
Most of the passive UHF tags in this thesis show longer read ranges than 4 meters, which exceed 
the requirements of a number of modern RFID applications, such as patient tracking, smart logistics 
and supply chain, human sensing and monitoring, as well as indoor positioning. To the best of our 
knowledge, this thesis provides the first presentation of 3D DW dispensed graphene RFID tags [Pub-
lication III]. The previously reported graphene-based RFID tags from other research works are mainly 
fabricated by inkjet printing and screen printing [Kop15, Sin17, Ara16]. 
In addition, the reliability of RFID tags with versatile antenna-IC interconnections were firstly studied 
in this work [Publication VII]. Previous works mainly focus on the reliability of RFID tag antennas 
[Akb16b, Wan15, Sca12, Saa12]. However, in this thesis, the antenna-IC interconnections were 
proved to be one of the most significant factors affecting the wireless performance of RFID tags in 
harsh environments. Novel IC attachment methods, thus, were studied to improve the efficiency and 
reliability of RFID tags. The cost and time of RFID tag fabrication can be significantly reduced by 
depositing the antenna on IC directly, which also supports the mass production of RFID tags. The 
3D DW dispensed RFID tags with embroidered antenna-IC interconnections on textile substrate 
achieve excellent reliability during actual use situations, including stretching, bending and immersing. 
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Thus, textile-based RFID tags, which are able to be integrated into clothing easily, can be the future 
choice of the wearable electronics industry. 
6.2 Conclusions 
In the thesis, main conclusions are listed below: 
 AM in UHF RFID tag fabrication is a very good choice when considering environmentally 
friendly, affordable, high-volume manufacturing. Inkjet-printed tag on product packaging ma-
terials, such as paper, cardboard, and wood veneer, is essential to products identification 
and tracking due to its small size and long read range. In addition, 3D DW dispensed tag on 
textile substrate, which can be easily integrated into clothes, has potential to solve the track-
ing and remote monitoring of elder and patient. 
 Although the established graphene-based RFID tags do not perform in the same high level 
as the tags using metallic inks, graphene-based materials are still essential for replacing the 
harmful and high cost metallic inks in the fabrication of IOT and sensing networks, and these 
prototypes can be considered a promising starting point. 
 Novel antenna-IC connection methods are important to improve the tag performance. Tag 
with printed IC attachment, which skips one process step and thus saves significant amounts 
of time and costs, enables better wireless performance and simplify the fabrication procedure.  
 Furthermore, when thinking about the reliability aspects, tag with embroidered IC attachment 
shows best performance. The immersing test represents that the tag can be utilized under 
the water, but more test should be carried out to evaluate the washing possibility of these 
tags. Previous results approved that electrotextile-based tags could survive even after 15 
washing cycles [Wan15]. Bending and stretching test indicates that these tags are wearable 
during sports, dancing and other activities.   
6.3 Short summaries of the results from the publications 
In the subsequent paragraphs, the main results of the publications of this thesis are summarized.  
Publication I, entitled ” Experimental Study on Inkjet-Printed Passive UHF RFID Tags on Versatile 
Paper-Based Substrates”, studied the possibilities of inkjet printing together with nanoparticle silver 
ink on various paper-based substrates. For every substrate, the printing parameters were optimized 
to achieve the best wireless performance. It was discovered that the performance of inkjet-printed 
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tags on coated substrates is significant better than on uncoated substrates, which have porous sur-
face. Generally, more printing layers could lead to better conductivity of the deposited pattern, which 
improve the wireless performance of RFID tags correspondingly. However, for some substrate ma-
terials, depositing multiple layers directly does not always correspond to a higher read range. When 
superabundant layers are deposited, inks will spread on the substrate and destroy the shape of the 
designed pattern. 
Publication II, entitled ” Inkjet-Printed Antenna-Electronics Interconnections in Passive UHF RFID 
Tags”, studied further research on inkjet printing technology with nanoparticle silver inks. In addition, 
in order to simplify the manufacturing process, a new IC attachment method was studied. The tag 
antenna is printed on top of the IC fixture directly, to replace the traditional process, i.e., the IC 
attachment with conductive glue. Both types of tags show satisfied performance on paper and poly-
imide film. Thus, inkjet-printed antenna-electronics interconnections can be considered to be prom-
ising replacements for the epoxy-glued ones in passive UHF RFID applications, and also in other 
wireless applications. 
Publication III, entitled ” Fabrication and Performance Evaluation of 3D–Printed Graphene Passive 
UHF RFID Tags on Cardboard”, studied the fabrication and wireless performance of 3D-printed gra-
phene-based passive UHF RFID tags on two different cardboard packaging substrates. Based on 
the results, 3D DW dispensed environment-friendly graphene antennas have great potential to re-
place the significantly more expensive silver-based RFID antennas. 
In publications IV-VI, 3D DW dispensed RFID tags using graphene ink were studied on wood veneer 
and textile. The achieved read range results were compared to previously published results using 
the same antenna geometry and conductive ink, where the graphene tag antennas were fabricated 
by doctor-blading on a cardboard [Akb16a] and fabric [Akb16b] substrates. The antennas presented 
here show superior performance compared to the earlier results. The results achieved in this study 
strongly support the 3D printing of graphene-based wireless electronics. Publication V indicates that 
graphene-based tags with dispensed antenna-IC interconnections have slightly superior read ranges, 
compared to RFID tags with epoxy-glued antenna-IC interconnections. In addition, those graphene-
based tags have ability to work in high humidity conditions. 
Publication VII, entitled “Inkjet-Printed Antenna-Electronics Interconnections in Passive UHF RFID 
Tags”, studied the possibility of 3D DW dispensing on a stretchable textile substrate for RFID tag 
fabrication. For IC attachment, conductive epoxy glue, DW dispensing, and embroidery were used, 
in order to find the most reliable methods to embed wireless platforms into textiles. The results rep-
resent that tags with embroidered antenna-IC attachment on a DW dispensed antenna has the best 
reliability in continuous strain, as they were the only ones withstanding harsh stretching. The combi-
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nation of 3D DW dispensing and embroidery is a promising fabrication approach for solving the cur-
rent reliability challenges in RFID antenna-IC interconnections and for taking the next steps in es-
tablishment of textile-integrated identification and sensing platforms.          
6.4 Future work 
The future work will focus on the textile-based wearable RFID tags, which could be utilized around 
human body for the purposes of healthcare and wellbeing, such as activities monitoring, moisture 
and temperature sensing, as well as patient identification and tracking. Thus, the antenna design 
should be firstly optimized to work near the human body, which has a significant influence to the 
antenna performance. After that, the performance of the tags need to be measured in actual use 
situations, attached on the human body, in normal office or healthcare environment. Further, off-the-
shelf RFID readers will be utilized in the future work to enhance the mobility of RFID system. Con-
sidering the environment issues, stretchable metallic inks should be replaced by eco-friendly inks. 
Thus, carbon-based inks, which have good stretchability and flexibility, will be studied in the next 
work. Finally, to reduce the cost of RFID tags further, chipless tags, which provides different methods 
of storing identification information without chip, will be studied in the future. By eliminating the use 
of silicon IC chips, chipless RFID tags can offer more competitive price than normal silicon IC based 
tags. Besides, chipless tags possess longer communication range since they do not necessitate the 
use of transistors as silicon based tags that require a threshold voltage to power up IC circuits. The 
versatile expertise about manufacturing solutions and novel materials achieved in this thesis is a 
significant prerequisite of future chipless RFID studies.  
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We present the possibilities and challenges of passive UHF RFID tag antennas manufactured by inkjet printing silver nanoparticle
ink on versatile paper-based substrates. The most efficient manufacturing parameters, such as the pattern resolution, were
determined and the optimal number of printed layers was evaluated for each substrate material. Next, inkjet-printed passive UHF
RFID tags were fabricated on each substrate with the optimized parameters and number of layers. According to our measurements,
the tags on different paper substrates showed peak read ranges of 4–6.5 meters and the tags on different cardboard substrates
exhibited peak read ranges of 2–6 meters. Based on their wireless performance, these inkjet-printed paper-based passive UHF
RFID tags are sufficient for many future wireless applications and comparable to tags fabricated on more traditional substrates,
such as polyimide.
1. Introduction
The development of the Internet of Things has created a
need for cost-effective wireless electronics on environmen-
tally friendly substrates. Great potential lies especially in
inkjet printing and inkjet-printed antennas [1–3]. Particularly
RFID (radiofrequency identification) tag antennas printed
on versatile substrates and the use of renewable substrate
materials, such as paper and cardboard, provide endless
opportunities. Paper and cardboard have a wide range of
properties based on their composition; they can be flexible,
rigid, soft, and coarse, and they may absorb or repel water.
Paper and cardboard are also available with textured surfaces.
These paper-based materials are indispensable materials in
the packaging and graphics industry, which also makes
them an interesting substrate material for printed RFID tag
antennas [4–6]. However, the optimized printing parameters
need to be studied first.
RFID technology is a wireless identification technology
to automatically identify and track physical objects or people
by using radiofrequency waves. When using RFID tags for
identification, multiple devices can be read simultaneously
and a line-of-sight is not necessary [7]. Passive UHF (ultra
high frequency) RFID technology shows promise in embed-
ded applications: passive tags require very little maintenance
because no battery change is required. Also the read ranges
of passive UHF RFID systems are longer compared to other
RFID frequencies [8, 9]. The signal from the reader is
necessary for a passive tag to power up the IC (integrated
circuit) and reply to the reader.
The goal of this paper is to study the possibility of inkjet
printing on various paper and cardboard substrates and
to optimize the printing parameters in order to effectively
fabricate passive UHF RFID tags on these substrates. The
ready RFID tags are evaluated for their wireless performance
and compared to tags fabricated on a more traditional
polyimide substrate.
2. Manufacturing of Passive UHF RFID Tags
2.1. Material and Tools. The used ink was Harima NPS-JL
silver nanoparticle ink [10] and the main specifications of
the silver ink are shown in Table 1. In this study, the ink
deposition was completed with Fujifilm Dimatix DMP-2831
material inkjet printer. A 10 pL volume cartridge,which has a
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Table 1: Specifications of the utilized ink [10].
Ink Ag NPS-JL NanoPaste
Solid content (wt%) 52–57
Particle size (nm) 5–12
Average particle size (nm) 7
Resistivity (𝜇Ω⋅cm) 4–6
Viscosity (mPa⋅s) 11.5 (measured at 20∘C and 60 rpm)
Recommended thermal curing 120–150∘C for 60 minutes
Table 2: Substrate properties.
Substrate Thickness Speciation
Paper A 100 𝜇m Uncoated paper
Paper B 80𝜇m Coated, calendered
Paper C 80𝜇m Double coated: film + blade
Cardboard A 500 𝜇m Double coated: film + blade
Cardboard B 500 𝜇m Base board
snap-in replaceable print head with 16 nozzles, was applied
for ejecting the drops.
The substratematerial plays a big role in additiveRFID tag
manufacturing. Different substrate materials need different
printing parameters, because they have different surface
properties and morphologies. In [5] the dielectric character-
istics of paper were investigated in the UHF range and the
relative permittivity (3.2–3.5) and loss tangent (0.006–0.008)
of commercial paper were studied by using a microstrip
ring resonator. It should also be noted that the reported
values are not constant and, in addition to frequency, they
will vary with, for example, temperature and humidity. In
this study, several types of paper and cardboard materials
were selected for inkjet printing and the properties (calen-
dered/noncalendered, coated/noncoated) of these substrates
are shown in Table 2. Furthermore, calendaring is a process
that uses series of hard pressure rollers to form or smooth
a sheet of material, such as paper or cardboard. A coating
is a covering that is applied to the surface of the paper or
cardboard by themanufacturer.With a glossy or matte finish,
a coated substrate generally has very smooth surface and the
coating can restrict the amount of ink that is absorbed by the
substrate material.The substrates used in this experiment are
blade coated and/or film coated.
2.2. Printing Parameters. There are several parameters that
can affect the printing quality, such as the jetting pulse shape,
the jetting frequency, the jetting voltage, and the temperature
of the ink cartridge, as well as the pattern resolution. The
used jetting pulse shape is shown in Figure 1. In this research,
three active nozzles were used for inkjet printing. To ensure
that the ink droplets jetted to each substrate attach well
on the substrate surface, without unnecessary spreading,
we did preliminary tests on droplets. Normally, the drop
spacing, which decides the printing resolution, is defined as
the distance between the centers of two adjacent droplets. On
this printer, the drop spacingmust be equal on both theX and
Figure 1: The used jetting pulse shape.
Y directions. On the X direction, the drop spacing is always
set manually. On the Y direction, the drop spacing is defined
by the cartridge tilt angle between the X direction (axe of
displacement of the print carriage) and the axe of the nozzles,
which are regularly spaced by 254 𝜇m. An angle of 90∘ corre-
sponds to the maximum achievable drop spacing (254 𝜇m).
Decreasing the drop spacing corresponds to increasing the
pattern resolution. Depending on the interaction of the ink
with the substrate, the drop size of the ink on different
substrate materials can be different. Usually, the appropriate
droplet spacing is equal to the radius of the drop, which can
then decide the printing resolution. If the resolution is too
low, the dropletsmay not overlap, while if the resolution is too
high, overspreading of the inkmight occur causing the loss of
the pattern shape [11]. Figure 2 shows the microscope images
of the silver nanoparticle ink droplets on all substrates, and
the selected resolution of every substrate is listed in Table 3.
In addition, Table 4 indicates the printing parameters, which
were kept identical for all substrates.
2.3. Number of Printed Layers. After finding the optimized
printing parameters, simple lines with dimensions of 5mm ×
30mm were printed on each substrate to study the optimal
number of layers. In theory, when the antenna design and
the substrate are the same, antennas with better conductivity
(lower DC resistance) should have higher read ranges. Based
on the datasheet of the ink, the sintering was done at 150∘C
for 60 minutes to maximize the conductivity of the printed
layer [10]. The resistances of the lines were measured from
corner to corner using Fluke 111 True RMS Multimeter. The
measurementwas repeated 4 times and then the average value
was calculated. The measured resistances are presented in
Table 5. In addition, Figure 3 shows the printed line patterns
on all substrates and the surface magnified images from
optical microscope can be seen in Figure 4.
One-layer lines were firstly printed on Cardboard A,
and they showed no conductivity. But from Figure 4(a),
it can be observed that the edge of line is metallic, while
the central area of the line pattern is black. Next, lines
with multiple layers were printed on this substrate as a
comparison. A normal method for fabricating multilayer
patterns is printing multiple layers directly before sintering.
The two-layer lines on Cardboard A were also dielectric,
but the metallic area increased. Figure 4(b) shows that the
eight-layer lines on Cardboard A become more metallic and
the resistance is correspondingly lower, around 14Ω. Based
on the analyses above, it is apparent to summarize that the
metallic part increases with the number of printed layers.
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Table 3: Printing resolution of every substrate.
Substrate Average drop size (𝜇m) Angle (degree) Resolution (dpi)
Paper A 110 11.4 508
Paper B 90 9.1 635
Paper C 95 10.2 564
Cardboard A 90 9.1 635
Cardboard B 105 11.4 508
103.42𝜇m
109.53𝜇m
(a)
83.76 𝜇m
82.96 𝜇m
(b)
91.84 𝜇m
85.68 𝜇m
106.76𝜇m
94.56 𝜇m
(c)
86.98 𝜇m
91.80 𝜇m
85.68 𝜇m 94.93 𝜇m103.40𝜇m
(d)
115.60𝜇m
112.20𝜇m
109.84𝜇m
(e)
Figure 2:Droplet size test on all substrates: (a) droplets onPaperA, (b) droplets onPaper B, (c) droplets onPaperC, (d) droplets onCardboard
A, and (e) droplets on Cardboard B.
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(a) (b) (c)
(d) (e)
Figure 3: Inkjet-printed line patterns for fabrication optimization: (a) four-layer lines on Paper B, (b) four-layer lines on Paper A, (c) four-
layer lines on Paper C, (d) four-layer lines on Cardboard A, and (e) four-layer lines on Cardboard B.
Table 4: Printing parameters.
Cartridge temperature (∘C) 40
Platen temperature (∘C) 50
Jetting voltage (V) 28
Jetting frequency (kHz) 23
Sintering time (minutes) 60
Sintering temperature (∘C) 150
Another approach to manufacture the pattern with multiple
layers is to repeat the process of printing and sintering. On
this way, two printing-sintering rounds were carried out.
At each turn, one-layer, two-layer, and four-layer lines were
printed on Cardboard A and sintered in the oven. After
that, the average resistance of those lines was measured, and
they were found to be 5Ω, 0.8Ω, and 0.3Ω, respectively.
The major shortcoming of this method, along with the long
manufacturing time, is that different layers are hard to be
aligned perfectly.
The conductivity of the lines on Cardboard B was not
good. The resistances of the four-layer lines and the eight-
layer lines were found to be 2.5MΩ and 161Ω, respectively.
Figure 4(c) shows the surface magnified image of the four-
layer line, where the ink is absorbed by the substrate and the
surface of the printed pattern is predominantly black with
silver area inside.Themetallic parts are not sufficient to form
a good conductive trace, so the resistance is extremely high.
Due to the poor performance, we chose not to try several
printing-sintering rounds on Cardboard B.
On Paper A, the inkjet-printed lines showed no con-
ductivity even with eight printed layers. The surface of the
four-layer line is mostly black and no coherent metallic trace
formed after sintering, which is shown in Figure 4(d) as an
example. As with Cardboard B, due to the bad performance,
we chose not to try several printing-sintering rounds.
On Paper B, the one-layer lines obtained good conduc-
tivity after sintering and the resistance was measured to be
around 1.8Ω. As shown in Figure 4(e), the surface is totally
metallic although there are some small black holes and thin
gaps. The possible reason is the inadequacy of the ink when
only one layer is selected. As the number of the printed
layers increases, the surface of the printed line becomes more
homogenous. Thereby, the conductivity of the line increases
with the number of layers. As the performance was excellent
already after one layer, several printing-sintering rounds were
not needed.
The two-layer lines on Paper C show tolerable conduc-
tivity as the average resistance is around 9.8Ω, although the
surface of the printed line is partially black, as shown in Fig-
ure 4(f). A continuous metallic pattern is formed when four
layers and eight layers are applied. Again, multilayer printing
brings much more ink and a greater thickness of silver film
and therefore a lower resistance. As the performance was
suitable already after four layers, several printing-sintering
rounds were not needed.
2.4. Tag Fabrication Process. After finding the optimized
printing parameters and the optimal number of layers,
passive UHF RFID tag antennas were fabricated on Paper B,
Paper C, Cardboard A, and Cardboard B. The tag antenna
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Table 5: Resistances of printed lines on all substrates.
Substrate Total layer(s) Resistance (Ω) Description
Paper A
2 ∞ Not conductive, absorbed
4 ∞ Not conductive, absorbed
8 ∞ Not conductive, absorbed
Paper B
1 1.8 Good conductivity, totally metallic
2 0.8 Good conductivity, totally metallic
4 0.3 Good conductivity, totally metallic
Paper C
2 9.7 Good conductivity, mostly metallic
4 2.8 Good conductivity, totally metallic
6 2.1 Good conductivity, totally metallic
Cardboard A
1 ∞ The edge of line is metallic, mostly black
2 ∞ The edge of line is metallic, mostly black
4 79 The edge of line is metallic, mostly black
6 14 The edge of line is metallic, mostly black
8 1.3 The edge of line is metallic, partially black
1-S-1 5 Totally silver, good conductivity
2-S-2 0.8 Totally silver, good conductivity
4-S-4 0.3 Totally silver, good conductivity
Cardboard B
2 ∞ Not conductive
4 2.5M Badly conductive
8 161 Badly conductive
500𝜇m
(a)
500𝜇m
(b)
500𝜇m
(c)
500𝜇m
(d)
500𝜇m
(e)
500𝜇m
(f)
Figure 4: Microscopic images of the inkjet-printed layers: (a) surface of a one-layer line on Cardboard A, (b) surface of an eight-layer line
on Cardboard A, (c) surface of a four-layer line on Cardboard B, (d) surface of a four-layer line on Paper A, (e) surface of a one-layer line on
Paper B, and (f) surface of a two-layer line on Paper C.
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Figure 5: (a) A ready inkjet-printed UHF RFID tag on Paper B. (b) The utilized tag antenna geometry.
structure applied in this study is shown with a manufactured
tag in Figure 5. As a typical dipole antenna layout, this
geometric construction has been already successfully used in
[12]. The sintering was done at 150∘C for 60 minutes.
The used tag IC was NXP UCODE G2iL series RFID IC
[13], provided by themanufacturer in a fixture patterned from
copper on a plastic film. We attached the 3 × 3mm2 pads
of the fixture to the printed antennas with CircuitWorks
Conductive Epoxy CW2400 [14], a highly reliable silver filled
epoxy with a smooth, thixotropic consistency, and the IC-
antenna joint was cured in 70∘C for 20 minutes.
3. Measurements and Results
The wireless performance of the tags was evaluated with
read range measurements using an RFID measurement unit.
The tags were tested wirelessly using Voyantic Tagformance
measurement system [15]. We conducted all the measure-
ments with the tag suspended on a foam fixture in an
anechoic chamber. The measurement equipment calculates
the theoretical read range based on the measured path loss
and the threshold power and computes the theoretical read
range based on the relation given in
𝑑 = 𝜆4𝜋√ EIRPPthLiso , (1)
where 𝜆 is the wavelength transmitted from the reader
antenna, Pth is the measured threshold power, Liso is the
measured path loss, and EIRP is the emission limit of an
RFID reader given as equivalent isotropic radiated power.We
present all the results corresponding to EIRP = 3.28W, which
is the emission limit, for instance, in European countries.
As expected based on the resistancemeasurements, Paper
B was found to be the most suitable substrate. As can be
seen from Figure 6(a), the peak read ranges of the tags with
only one layer are around 4 meters, which is already suitable
for many practical applications. In addition, more layers lead
to longer read ranges, since more ink was deposited on the
paper to form a thicker conductive pattern, which has lower
losses and better radiation efficiency. The 12-layer tags have
the longest read ranges, and the peak was measured to be
about 6.5 meters at around 940MHz.
Figure 6(b) shows the read ranges of the multilayer tags
on Paper C. First it indicates the same tendency that the read
ranges increase together with the number of layers. However,
the read ranges of the 12-layer tags are lower than the 8-layer
tags, which have the best performance.
Judging from the data in Figure 6(c), the 6-layer tags on
Cardboard A have the best performance and the peak read
ranges can reach about 6.1 meters. After that, when more
layers are printed, the read range decreases inversely.
Thus, depositing multiple layers directly does not always
correspond to a higher read range and the optimized number
of layers for antennas on each substrate material needs to be
studied separately. In case of the tags printed on Cardboard
A and Paper C, which were both double coated materials,
the double coating most probably causes the substrate not
to absorb as much ink as the other substrates. Thus, twelve
printed layers are too much on these coated substrate materi-
als, causing the read ranges to decrease compared to tags with
eight or six printed layers. On paper-based porous substrates,
the substrate will absorb some of the deposited ink. When
depositing too much ink on the substrate, most probably
the conductive layers are not as uniformly connected. In
addition, the ink can spread and destroy the shape of the
printed pattern. Thus, the read range will decrease when too
many layers are printed.
The resistances of the printed lines on Cardboard B were
very high. Also the performance of the tags on this substrate
is unsatisfying. The read ranges of the inkjet-printed tags
on Cardboard B are shown in Figure 6(d). The four-layer
tags were firstly fabricated and obtained no response when
measured. In addition, the peak read range of the eight-layer
tag is only 2 meters. Next, 12-layer tags were manufactured
by repeating printing and sintering process two times, and
6 layers were deposited at each round. The peak read range
can reach 4 meters, which is sufficient for many applications.
However, themanufacturing process cannot be considered to
be efficient.
Generally, the dielectric substrate affects the tag perfor-
mance through its electrical properties, such as loss tangent
and relative permittivity. Porous substrates like paper and
cardboard also have an indirect effect on the tag through
the ink film morphology [6, 16]. The achieved results are
very comparable to the earlier results with the same antenna
geometry and silver nanoparticle ink in [12], where the
tag antennas were fabricated by inkjet printing on a poly-
imide substrate (Kapton 200 HN [17]). Kapton is a low-
loss, polyimide film, which provides a smooth, heat-resistant
surface for high precision inkjet printing. The peak read
range of a three-layer tag on polyimide was measured to
be about 5.8 meters [12]. Thus, the environmentally friendly
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Figure 6: The measured read ranges of all tags: (a) the read ranges of tags on Paper B, (b) the read ranges of tags on Paper C, (c) the read
ranges of tags on Cardboard A, and (d) the read ranges of tags on Cardboard B.
tags fabricated on these paper-based substrates in this study
definitely have the potential to replace tags fabricated on
traditionally used substrate materials and to be utilized in
future wireless applications.
4. Conclusions
In this paper, the possibility of inkjet printing on versatile
paper and cardboard substrates using silver nanoparticle ink
was studied.The printing parameters were optimized for each
substrate material in order to fabricate passive UHF RFID
tags on these substrates. It was discovered that, in addition
to the printing parameters, also the number of printed layers
needs to be studied separately for each substratematerial.The
wireless performance of the fabricated tags was evaluated and
the read ranges of the tags were found to be comparable to
tags inkjet-printed on a polyimide substrate. In the future, the
use of copper nanoparticle ink on these paper and cardboard
substrates will be studied for potential cost reduction.
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Abstract—We outline the possibilities of inkjet printing in 
fabrication of passive UHF RFID tag antennas and antenna-
electronics interconnections on paper and polyimide substrates. In 
our method, the silver nanoparticle tag antenna is deposited 
directly on top of the IC fixture, in order to simplify the 
manufacturing process by removing one step, i.e., the IC 
attachment with conductive glue. Our wireless measurement 
results confirm that the manufactured RFID tags with the printed 
antenna-IC interconnections achieve peak read ranges of 8.5-10 
meters, which makes them comparable to traditional tags with 
epoxy-glued ICs.1 
 
Index Terms—Antennas, inkjet printing, interconnections, 
nanotechnology, RFID tags, silver ink. 
I. INTRODUCTION 
The development of the Internet of Things has created a need 
for versatile wireless electronics on environmentally friendly 
substrates, such as paper. The utilization of these wireless 
components requires fast but low-cost manufacturing methods.  
Inkjet printing is an additive manufacturing method with 
proven possibilities in antenna fabrication on versatile 
substrates [1-3]. However, it can be also extremely useful 
method for fabricating electric interconnections, as has been 
shown in recent studies [4-5].  
In this paper, to the best of our knowledge, the possibilities 
of inkjet-printed antennas and antenna-IC (integrated circuit) 
interconnections are studied for the first time, in order to 
simplify the manufacturing process of passive UHF (ultra high 
frequency) RFID (radiofrequency identification) tags on an 
environmentally friendly paper and traditional polyimide 
substrates. By printing the antennas directly on top of IC 
fixture, there is no need for a separate IC attachment step, which 
means more cost- and time-effective fabrication of these 
wireless components. 
II. FABRICATION 
Inkjet printing, which can create a specific pattern by 
dropping the ink directly from the aperture to the printing 
substrate, is applied in this work for simple and effective 
fabrication of passive UHF RFID tags. The used ink is Harima 
NPS-JL silver nanoparticle ink [6] and the ink deposition is 
completed with Fujifilm Dimatix DMP-2831 material inkjet 
 
 
printer. A 10pl volume cartridge, which has a snap-in 
replaceable print head with 16 nozzles, is applied for ejecting 
the drops. The used printing parameters are shown in Table I.  
 
TABLE I. The inkjet printing parameters. 
Parameter  
Cartridge temperature (˚C) 40 
Platen temperature (˚C) 50 
Jetting voltage (V) 28 
Jetting frequency (kHz) 23 
Pattern resolution (dpi) 635 
Sintering temperature (˚C) 150 
Sintering time (minutes) 60 
 
Two different types of materials, commercial coated and 
calendered paper with a smooth surface (See Fig. 1 for a cross-
section) and commonly used polyimide (Kapton), were selected 
as the substrates. The used tag IC is NXP UCODE G2iL series 
RFID IC, which has a wake-up power of 15.8 μW (−18 dBm). 
The IC is provided by the manufacturer in a fixture patterned 
from copper on a plastic film. See Fig. 2 where the IC strap 
structure is presented.  
 
 
Fig. 1. The used paper substrate and the printed antenna. 
Two different methods are studied for the antenna-IC 
interconnection. The first method is the tradition way, where 
the IC is attached on top of the printed and sintered antenna with 
conductive silver epoxy (Circuit Works CW2400). This method 
has been used, e.g., in [2] and [7]. In the second method, the 
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 antenna is deposited on top of the IC fixture and thus the 
antenna-IC interconnection is sintered together with the 
antenna. This novel inkjet printing approach skips one process 
step and thus saves significant amounts of time and costs. 
The tag antenna structure applied in this study is shown in 
Fig. 2. This dipole antenna is a very common type of antenna 
used in UHF RFID tags and has been previously, e.g., brush-
painted on wood substrates with copper and silver nanoparticle 
inks [7]. The antenna is quite wide (2 cm), which reduces the 
impact of imperfections in the print outcome, and the length of 
the antenna (10 cm) is sufficient to avoid the weaknesses of 
electrically small antennas in the UHF frequencies from 800 
MHz to 1000 MHz. In addition, the parts where the IC strap 
pads will be attached (See Fig. 2) are relatively large, which 
will be beneficial for the printed interconnections.  
 
 
 
 
a (mm) b (mm) c (mm) L (mm) W (mm) 
14.3 8.125 2 100 20 
 
Fig. 2.  The IC strap (top) and the tag antenna structure (bottom). 
 
Firstly, it was discovered that for the printed antenna-IC 
interconnections, a better joint can be fabricated if the 3 mm × 
3 mm IC fixture pads are cut to more narrow (2 mm x 1 mm) 
rectangles. Thus, these smaller pads were used for all IC 
attachments in this study. Also, unlike the paper substrate, the 
surface of the polyimide is extremely smooth, and the IC strap 
did not adhere to the substrate. Thus, a drop of Loctite® super 
glue was applied to improve the placement of the IC strap on 
the polyimide substrate, when the antennas were deposited on 
top of the IC directly. There was no need to add glue on the 
paper substrate as the IC strap was well adhered there. 
Each tag was fabricated by printing four layers of ink and the 
subsequent sintering was done at 150 °C for 60 minutes. Four 
samples of each tag type were fabricated in order to also 
confirm the reproducibility. The ready tags with the inkjet-
printed antenna-IC interconnections on paper and polyimide 
substrates are shown in Fig. 3 and Fig 4, respectively.  
To further analyze the inkjet-printed antenna-IC joints, the 
resistances between the IC pads and the antennas were 
measured, and the average values were calculated. The 
connections between the ICs and the antennas showed 
reasonable conductivity, and the average resistance of the 4-
layer tags on the paper and polyimide substrates were about 
11.9 Ω and 12.2 Ω, respectively. 
 
 
Fig. 3. Manufactured tag on paper and a magnification of the antenna-IC 
interconnection. 
 
 
Fig. 4. Manufactured tag on polyimide and a magnification of the antenna-IC 
interconnection. 
III. MEASUREMENTS 
The tags were tested wirelessly using Voyantic Tagformance 
measurement system [8]. It contains an RFID reader with an 
adjustable transmission frequency (0.8…1 GHz) and output 
power (up to 30 dBm) and provides the recording of the 
backscattered signal strength (down to −80 dBm) from the tag 
under test. During the test, we recorded the lowest continuous-
wave transmission power (threshold power: Pth). Here we de-
fined Pth as the lowest power at which a valid 16-bit random 
number from the tag is received as a response to the query 
command in ISO 18000-6C communication standard. In 
addition, the wireless channel from the reader antenna to the 
location of the tag under test was first characterized using a 
system reference tag with known properties. This enabled us to 
estimate the attainable read range of the tag (dtag) versus 
frequency from 
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where λ is the wavelength transmitted from the reader 
antenna, Pth is the measured threshold power of the tag, Λ is a 
known constant describing the sensitivity of the system 
reference tag, and Pth* is the measured threshold power of the 
system reference tag. EIRP is the maximum equivalent 
isotropically radiated power allowed by local regulations. In 
this case EIRP = 3.28 W, which is the emission limit in 
European countries. 
In addition, the realized gains of the tags were analyzed using 
the path-loss measurement data from the measurement unit. 
Realized gain takes into account the antenna–IC impedance 
matching and can be calculated as: 
 
           𝐺𝑟 =
𝑃𝐼𝐶,𝑇𝑆 
𝐿𝑓𝑤𝑑∗𝑃𝑇𝑆
                                                                     (2) 
 
where PIC,TS is the tag IC sensitivity, and PTS and Lfwd are the 
 measured threshold power and forward losses, respectively. 
Fig. 5 shows the attainable read ranges of the inkjet-printed tags 
on paper and polyimide substrates. As can be seen, both types 
of tags on the polyimide substrate show peak read ranges of 
around 10 meters. The read ranges of the epoxy-glued tags are 
about 0.5 meters longer than the tags with the inkjet-printed 
interconnections. Thus, the inkjet-printed electric 
interconnection can be considered to be a good replacement for 
the epoxy-glued one on the polyimide substrate. 
The attainable read ranges of the tags on the paper substrate 
have a more significant difference: the peak read ranges of the 
tags with inkjet-printed and epoxy-glued interconnections are 
around 8.5 and 10 meters, respectively. However, also read 
ranges of 8.5 meters can be considered more than suitable for 
versatile wireless identification and sensing applications. Also, 
unlike on the polyimide substrate, no pre-treatment, i.e., drop 
of glue to attach the IC strap to the substrate, was needed in case 
of the paper substrate. 
The H-plane and E-plane realized gains were measured for 
the 4-layer tags with epoxy-glued and inkjet-printed antenna-IC 
interconnections on both substrates at 940 MHz, since all tags 
can reach their peak read range at this frequency. The radiation 
patterns can be seen in Fig. 6 and the results are in agreement 
with the read range results. 
 
Fig. 5.  The attainable read ranges of inkjet-printed tags on paper and 
polyimide (Kapton) substrates. 
Based on these achieved results, inkjet-printed antenna-
electronics interconnections can be considered to be promising 
replacements for the epoxy-glued ones in passive UHF RFID 
applications, and also in other wireless applications. However, 
more research is needed in order to study the effects of different 
substrate materials on the fabrication and reliability of the 
printed interconnections. Especially the effects of bending on 
the conductive pattern as well as on the IC attachment need to 
be studied next. Moreover, larger amounts of samples will be 
fabricated on different substrates to assure the repeatability of 
the fabrication method. Also, in addition to silver nanoparticle 
inks, more cost-effective solutions, such as copper nanoparticle 
inks, can provide even more possibilities for future cost- and 
time-effective RFID tag fabrication. 
 
 
                          (a)                                                         (b) 
 
                          (c)                                                        (d) 
Fig. 6.  The measured realized gains: (a) tag on paper, epoxy-glued antenna-IC 
joint. (b) tag on paper, printed antenna-IC joint. (c) tag on polyimide, epoxy-
glued antenna-IC joint. (d) tag on polyimide, printed antenna-IC joint. 
IV. CONCLUSION 
In this paper, the possibility of applying inkjet printing to 
form the antenna-IC connection together with the antenna was 
studied for the first time, in order to simplify the manufacturing 
process of passive UHF RFID tags on paper and polyimide 
substrates. The results were compared to tags fabricated in a 
traditional way, with epoxy-glued ICs. Based on our results, the 
tags on both substrates showed excellent performance and 
supported the use of this novel fabrication method. In the future, 
in addition to the bending reliability and the use of other 
substrate materials, also the use of copper nanoparticle ink will 
be studied for potential cost reduction.  
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Abstract—This paper discusses the fabrication and wireless 
performance of 3D-printed graphene-based passive UHF (ultra high 
frequency) RFID (radiofrequency identification) tags on two 
different cardboard packaging substrates. Our results confirm that 
the low-cost and eco-friendly graphene-based RFID tags achieve 
high performance with attainable read ranges of 3.2-3.8 meters. 
These results are superior to those of previously reported RFID tags 
with graphene antennas. 
Keywords—Antennas; 3D printing; cardboard; graphene; passive 
UHF RFID. 
1. INTRODUCTION  
The recent focus in additive antenna fabrication has been to use metallic components as the 
conductive element, which brings high material costs and usually requires high sintering temperatures 
or other sintering approaches [1][2]. An alternative to this could lie in the use of novel carbon-based 
materials, such as graphene. Graphene is an environmentally friendly and low-cost material, which 
can be used in additive manufacturing [3]-[6], it has the capacity to integrate with versatile materials, 
including porous substrates, such as cardboard and fabrics [5][6]. 
3D direct-write dispensing is a fast and low-cost additive manufacturing method, which enables the 
printing of complex geometries with micron resolution accuracy with limited wastage [1][7]. Graphene 
inks can be used as a conductor in printed antennas due to its suitability for printing, high electrical 
conductivity, and low material cost, combined with its unique mechanical properties. 
In this paper, we present 3D-printed graphene-based passive UHF RFID tags on two cardboard 
packaging substrates: one has a rough, non-colored surface, while the other is smooth and colored 
white. The RFID tags were evaluated for their wireless performance and the results are compared to 
those of previously reported graphene-based RFID tags. 
2. MANUFACTURING OF PASSIVE UHF RFID TAGS 
In this work, 3D printing technique was utilized to fabricate graphene-based RFID tag antennas on 
cardboard substrates. A water-based graphene ink (HDPlas® IGSC02002) [8] was selected for this 
study. The 3D printing was completed by nScrypt tabletop series 3D direct write dispensing system, 
and the main manufacturing parameters are defined in Table 1.  
 
Table 1. The used printing parameters. 
3D dispensing parameters  
Material feed pressure 16.9 Psi 
Printing spacing 125 microns 
Printing angle 0° 
Inner diameter of tip 125 microns 
 
All fabricated antennas were sintered at 60 °C for 30 minutes as recommended by the ink datasheet 
[8]. The antenna geometry and dimensions are shown in Fig. 1 together with ready-made tags on both 
types of cardboard substrates. 
The used IC (integrated circuit) was NXP UCODE G2iL series RFID IC with a wake-up power of 
−18 dBm (15.8 µW). The IC is provided by NXP Semiconductors in a carrier fixture patterned from 
copper on a plastic film. We attached the 3 x 3 mm2 pads of the fixture to the antenna with conductive 
silver epoxy (Circuit Works CW2400). 
 
 
 
 
 
Fig. 1.  The antenna geometry and dimensions (top) and fabricated graphene tags on the rough, non-colored (bottom, 
left) and smooth, white-colored (bottom, right) cardboard substrates. 
3. THICKNESS MEASUREMENTS AND WIRELESS PERFORMANCE 
The wireless performance of the tags were evaluated by two key properties of passive UHF RFID 
tags: read range and realized gain. The tags were tested using Voyantic Tagformance measurement 
system [9]. All the measurements were conducted with the tag suspended on a foam ﬁxture in an 
anechoic chamber.  
The theoretical read range describes the maximal distance between the tag and reader antenna in 
free space, i.e., environment without reflections or external disturbances. The measurement equipment 
calculates the theoretical read range of the tag using its measured threshold power along with the 
measured forward losses. The forward loss from the transmit port to the tag, is first calculated using a 
reference tag. Theoretical read range was calculated assuming that the read range was limited by the 
maximum allowed transmitted power levels and can be therefore calculated using Equation 1: 
 
a (mm) b (mm) c (mm) L (mm) W (mm) 
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where λ is the wavelength transmitted from the reader antenna, EIRP is the maximum equivalent 
isotropically radiated power allowed by local regulations, PTS and Lfwd are the measured threshold 
power and forward losses, respectively. We present all the results corresponding to EIRP = 3.28 W, 
which is the emission limit in European countries. 
Fig. 2 presents the attainable read ranges of the fabricated tags on both cardboard types, and the 
cross-sections of the 3D-printed tag antennas are presented in Fig. 3. The peak read ranges of the 3D-
printed tags on the smooth cardboard were around 3.8 meters, which is suitable for many practical 
applications, for example within the packaging industry. The cross-sections of this tag antenna shows 
an average thickness of around 85.73 µm. As a comparison, the average thickness of the tag antennas 
on the rough cardboard is 81.30 µm, which resulted in slightly shorter read ranges of around 3.2 meters. 
The peak read ranges together with the corresponding thicknesses and sheet resistances are shown in 
Table 2.  
 
Fig. 2.  The attainable read ranges of the fabricated tags. 
 
Table 2. The peak read ranges together with the corresponding thickness and sheet resistance. 
Substrate Peak read range Average thickness Sheet resistance 
Smooth cardboard 3.8 m 85.73 µm 8.7 Ω/sq 
Rough cardboard 
3.2 m 
 
81.30 µm 
 
18.6 Ω/sq 
 
 
In addition, the H-plane and E-plane realized gains at 940 MHz, where both types of tags reach 
their peak read range, are presented in Fig. 4. The realized gain takes into account the antenna–IC 
impedance matching, and can be calculated as: 
 
𝐺𝑟 =
𝑃𝐼𝐶,𝑇𝑆 
𝐿𝑓𝑤𝑑∗𝑃𝑇𝑆
                                                  (2) 
 
where PIC,TS is the tag IC sensitivity, and PTS and Lfwd are as detailed in (1). 
 
  
 
Fig. 3.  Cross-sections of the tag antennas on the rough, non-colored cardboard (left) and smooth, white-colored 
cardboard (right). 
 
 
  
 
Fig. 4.  The measured E-plane (left) and H-plane (right) realized gains at 940 MHz. 
 
Next, the achieved read range results were compared to previously published results using the same 
antenna geometry and conductive ink, where the graphene tag antennas were fabricated by doctor-
blading on a cardboard [5] and fabric [6] substrates. These previously reported graphene tags achieved 
peak read ranges of 2.7 meters and 2 meters, on cardboard and fabric substrates, respectively. Thus, 
the antennas presented here, fabricated via direct-write dispensing, show superior performance 
compared to the earlier results. The results achieved in this study strongly support the 3D printing of 
graphene-based wireless electronics. 
4. CONCLUSIONS 
In this study, we presented 3D-printed passive UHF RFID graphene tags on two types of cardboard 
substrates. Based on our measurements, the tags show an excellent wireless performance and peak 
read ranges of 3.2-3.8 meters. By utilizing the direct-write dispensing manufacturing method, graphene 
antennas can be produced easily and reliably, with limited material waste, to a variety of different 
geometries and substrate roughness’s. Thus, in the future, these 3D-printed graphene antennas could 
replace the significantly more expensive silver-based RFID antennas. The low-cost and eco-friendly 
graphene-based RFID tags have great possibilities in several application areas, such as the packaging 
industry. 
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Abstract—We study 3D printing of graphene UHF RFID 
antennas on a thin wood veneer substrate, subsequently cured by 
heat in an oven or photonically by pulsed Xenon flash. We 
present the read range results of the tags and test the effects of 
moisture on the tag performance. Initially the peak read ranges 
of both types of tags are about 4.5 meters. The read range 
decreases about 50 cm when the tag antenna and wood substrate 
absorb moisture. However, after drying, the performance of the 
tag returns to normal. 
Keywords—3D printing; graphene antennas; heat curing; 
moisture; passive UHF RFID technology; photonic curing 
I. INTRODUCTION 
The use of metallic particles in additive antenna fabrication 
means high material costs and many non-environmentally 
friendly aspects. A potential solution lies in carbon-based 
materials, especially graphene [1]-[3], which is an 
environmentally friendly and low-cost material that has the 
capacity to integrate with versatile materials, including soft, 
porous, or stretchable materials, such as textiles and cardboard. 
3D direct-write dispensing is an effective additive 
manufacturing method, which enables the printing of complex 
geometries with micron resolution accuracy [4]. Graphene ink 
can be used as a conductor in printed antennas due to its high 
electrical conductivity and low material cost, combined with its 
unique mechanical properties [2]. 
Passive ultra high freqcuency (UHF) radio-frequency 
identification (RFID) tags integrated into wood structures, 
which will be the focus of this paper, provide great possibilities 
especially for the construction and packaging industries. 
However, in case of a passive tag on wood, the response of the 
tag can change as a function of increased humidity. The  
moisture can change the permittivity of the wooden substrate, 
and the impedance of the antenna, which can create a mismatch 
between the tag antenna and the IC (integrated circuit). The 
increased moisture can also increase the losses in the wooden 
substrate, degrading the overall tag performance.  
In this paper, we present 3D-printed graphene passive UHF 
RFID tags on wood veneer substrates. The printed antennas are 
cured by heat in a conventional oven or by photonic curing 
with a flash lamp. The ready RFID tags are evaluated for their 
wireless performance and also the effects of moisture are 
studied.  
II. TAG FABRICATION 
 A water-based graphene ink (HDPlas® IGSC02002) [5] 
was used and the 3D printing was completed with nScrypt 
tabletop series 3D direct write dispensing system. By running a 
customizable computer-controlled valve open and close 
process, the printer can produce a controllable material flow. 
The antenna geometry was printed along the grain of the 
veneer and the main  printing parameters are given in Table 1.  
TABLE I.  3D PRINTING PARAMETERS 
3D Printing Parameters  
Material feed pressure 16.9 Psi 
Printing spacing 125 microns 
Printing angle 0° 
Inner diameter of tip 125 microns 
 
The heat cured antennas were cured in an oven at 60℃ for 
30 minutes, as presented in the ink datasheet. In photonic 
curing, the antennas were subjected to a series of ﬂashes from a 
Xenon sintering system (Sinteron 2010-L, Xenon Corp.). The 
used operating mode was continuous mode, where three 
parameters are adjustable: high voltage value, pulse width, and 
period (pulse width + break between pulses). The used 
photonic curing parameters are listed in Table 2. 
TABLE II.  PHOTONIC CURING PARAMETERS 
High 
voltage (V) 
Pulse 
width 
(µs) 
Number of 
pulses 
Period 
(ms) 
Duration of 
whole curing 
process (s) 
1900 2100 6 1100 11 
 
After tag antenna fabrication, NXP UCODE G2iL series 
RFID ICs with a wake-up power of −18 dBm (15.8 µW) were 
attached to the antennas. We attached the 3 x 3 mm2 pads of 
the IC straps to the antennas with conductive silver epoxy 
(Circuit Works CW2400). A ready tag on a wood substrate is 
shown in Fig. 1. 
 Fig, 1. Graphene RFID tag on wood veneer. 
III. WIRELESS MEASUREMENTS AND MOISTURE TEST 
The tags were measured in the UHF frequency range of 
800-1000 MHz with a Voyantic Tagformance RFID 
measurement system. It contains an RFID reader with an 
adjustable transmission frequency (0.8…1 GHz) and output 
power (up to 30 dBm), and provides the recording of the 
backscattered signal strength (down to −80 dBm) from the tag 
under test. The wireless channel from the reader antenna to the 
location of the tag under test is first characterized using a 
system reference tag with known properties. The system 
calculates the theoretical read range based on the measured 
path loss and the threshold power, as given in equation (1): 
                               (1) 
where λ is the wavelength transmitted from the reader antenna, 
PTS and Lfwd are the measured threshold power and forward 
losses correspondingly, EIRP is the emission limit of an RFID 
reader given as equivalent isotropic radiated power. EIRP = 
3.28 W, which is the emission limit in European countries. 
Next, the effects of moisture on the tag performance were 
investigated. During the test, the tags were placed in tap water 
and wirelessly measured before the test and immediately after 
1 minute in water. The tags were then left in room conditions 
to dry and were measured again after 1 hour. Finally, the tags 
were measured as dry again (after another 30 minutes in 60℃
in an oven). 
IV. RESULTS 
The read ranges of the photonic cured and heat cured tags 
are shown in Fig. 2.  
 
Fig. 2. Attainable read ranges of heat and photonic cured graphene tags on 
wood veneer. 
As can be seen, the tags initially achieved peak read ranges 
of around 4.5 meters, which means that the heat and photonic 
cured tags showed similar performance.  
Based on the measurement results, moisture did not have a 
significant instant effect on the tag performance. However, 
after 1 hour of drying in office conditions, the read ranges 
were about half a meter shorter than initially. This probably 
means that the moisture was absorbing deeper into to the 
antenna and wood substrate, after the tag was already in office 
conditions. After curing the tags again in the oven, the 
performance returned close to the initial performance.  
 
Fig. 3. Attainable read ranges of heat cured graphene tags as dry, wet, after 
drying for one hour, and after completely dry again. 
V. CONCLUSIONS 
We presented 3D-printed graphene passive UHF RFID tags 
on wood veneer substrates with read ranges of around 4.5 
meters. Based on the achieved outcomes, photonic curing 
could replace the time-consuming curing in an oven, which 
could considerably cut down the manufacturing time. Based on 
the measurement results, moisture did not have a significant 
detrimental effect on the tag performance. 
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Wepresent the possibilities of 3Ddirect-write dispensing in the fabrication of passiveUHFRFIDgraphene tags on a textile substrate.
In our method, the graphene tag antenna is deposited directly on top of the IC strap, in order to simplify the manufacturing process
by removing one step, that is, the IC attachment with conductive glue. Our wireless measurement results confirm that graphene
RFID tags with printed antenna-IC interconnections achieve peak read ranges of 5.2 meters, which makes them comparable to
graphene tags with epoxy-glued ICs. After keeping the tags in high humidity, the read ranges of the tags with epoxy-glued and
printed antenna-IC interconnections decrease 0.8 meters and 0.5 meters, respectively. However, after drying, the performance of
both types of tags returns back to normal.
1. Introduction
Graphene is an environmentally friendly and low-cost con-
ductive material that has the capacity to integrate with
challenging substrate materials, such as soft and stretchable
textiles [1, 2]. For those reasons, and because of graphene’s
great electrical and mechanical properties, graphene-based
conductive inks have the potential to revolutionize the area of
printed electronics, by replacing traditional inkswithmetallic
components.
3D direct-write dispensing is a fast and versatile additive
manufacturing method, which enables the printing of com-
plex geometries into textile materials with micron resolution
accuracy [3]. Graphene ink can be used as a conductor
in these printed structures, which opens novel possibilities
for textile antenna and antenna-electronics interconnection
fabrication. In particular, passive RFID (radio-frequency
identification) tags integrated into textiles, which will be the
focus of this paper, provide versatile wireless identification
and sensing possibilities embedded into clothing [4–7] and
are thus a great platform for this new fabrication method
and material. In wearable systems, textile antennas can be
used in a great variation of applications [8] and often they
operate in an extremely challenging environment. Wearable
applications require the antennas and interconnections to
endure different environmental stresses, such asmoisture and
wetting [9, 10].
In this paper, the possibilities of 3D-printed graphene
antennas and antenna-IC (integrated circuit) interconnec-
tions are studied, in order to simplify the manufacturing
process of passive UHF (ultra high frequency) RFID tags on
a traditional 100% cotton fabric. By printing the graphene
antennas directly on top of IC fixture, there is no need for
a separate IC attachment step, which means more cost- and
time-effective fabrication of these wireless components. The
wireless performance of these tags is evaluated in normal
room conditions, as well as in high humidity conditions, and
compared to tags were the IC is attached with conductive
glue.
2. Manufacturing of Passive UHF RFID Tags
In this work, 3D-printing technique is used to fabricate
graphene-based RFID tags on a 100% cotton fabric by using
a water-based graphene ink (HDPlas IGSC02002) [11]. The
printing is done with nScrypt tabletop series 3D direct-write
dispensing system, and the main manufacturing parameters
are defined in Table 1. The printing spacing and angle can
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Figure 1: The IC strap (a) and the tag antenna structure (b).
Table 1: The used 3D-printing and curing parameters.
Parameter
Material feed pressure 16.9 Psi
Printing spacing 125 microns
Printing angle 0∘
Inner diameter of tip 125 microns
Number of printed layers 1
Curing 60∘C, 30 minutes
be defined when designing the printed pattern by a built-in
software. The air pressure from a positive pressure pump is
applied to the system, which pushes the ink into the main
valve body and finally through the ceramic nozzle tip. By
adjusting a constant material pressure, running a customiz-
able computer-controlled valve open and close process, and
selecting the ceramic nozzle tipwith suitable size, the printing
system can produce a controllable ink flow, precise starts
and stops, and the ability to utilize a wide range of material
viscosities [12].
Two different methods are studied for the antenna-IC
interconnection. The first method is a previously reported
way, where the IC is attached on top of the printed and
cured antenna with conductive silver epoxy (Circuit Works
CW2400).Thismethod has been used, for example, in [2, 13].
In the second method, the antenna is deposited on top of the
IC fixture, and thus the antenna-IC interconnection is cured
together with the antenna. This 3D-printing approach skips
one process step and thus saves significant amounts of time
and costs. In both cases, only one layer of ink is printed. The
curing of the antennas is done in 60∘C for 30 minutes, as
guided by the ink datasheet [11].
The utilized IC strap (NXPUCODEG2iL series RFID IC,
provided by the manufacturer in a strap) and the tag antenna
structure are shown in Figure 1. The antenna is quite wide
(2 cm),which reduces the impact of imperfections in the print
outcome, and the length of the antenna (10 cm) is sufficient
to avoid the weaknesses of electrically small antennas in the
UHF frequencies from 850MHz to 1000MHz. This antenna
geometry has been previously used successfully on textile
tags [2, 3]. The simulated current distribution on the dipole
antenna at 915MHz is shown in Figure 2.
For each tag type, three samples are fabricated to also
evaluate the reproducibility. The surface of a 3D-printed and
cured graphene antenna is shown in Figure 3. As can be
seen, the graphene ink layer has a good adherence to the
fabric substrate. Ready tags with epoxy-glued and 3D-printed
antenna-IC interconnections on a cotton fabric are shown in
Figures 4(a) and 4(b), respectively.
3. Measurements
The wireless performance of the fabricated tags is evaluated
with a Tagformance RFID measurement system. All the
measurements are conducted with the tag suspended on a
foam fixture in an anechoic chamber. The measurements
were obtained from a fixed angle (the angle of the highest
read range) between the reader antenna and tag. In all
measurements, the longer side of the antenna, where the IC
was attached, was directly facing the reader antenna. During
the test, we record the lowest continuous-wave transmission
power (threshold power) at which the tag remains responsive.
The forward loss from the transmit port to the tag is first
attained using a reference tag with known properties. The
measurement equipment calculates the theoretical read range
of the tag using its measured threshold power along with the
measured forward losses. The theoretical read range is based
on the relation given in
𝑑Tag = 𝜆4𝜋√ EIRP𝑃TS𝐿 fwd , (1)
where 𝜆 is the wavelength transmitted from the reader
antenna, 𝑃TS and 𝐿 fwd are the measured threshold power and
forward losses, correspondingly, and EIRP is the emission
limit of an RFID reader given as equivalent isotropic radiated
power. All the results correspond to EIRP = 3.28W, which is
the emission limit in European countries.
Finally, the effects of moisture on the tags’ wireless
performance are investigated. During the moisture test, the
tags (whole tag, including the IC) are placed in tap water and
wirelessly measured before the test and immediately after 1
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Figure 2: The simulated current distribution on the antenna at 915MHz.
Figure 3: Optical microscopic image of a 3D-printed graphene
antenna on cotton (magnification ×20).
minute in water. The tags are then left in room conditions to
dry and are measured again after 1 hour, 1 day, and finally 1
week, when they are totally dry.
4. Achieved Results
On porous substrates, such as fabric, the ink is partially
absorbed into the substrate and the average thickness of the
printed layer depends thus on the substrate material. Figure 5
shows a microscopic image of a cross-section of a 3D-printed
tag antenna together with the measured thickness. The aver-
age thickness of all fabricated antenna samples is 610.15 𝜇m,
while the standard deviation is 23.51 𝜇m. Moreover, the
average sheet resistances of all the fabricated antenna samples
in room conditions and after 1 minute in water are 6.47Ω/sq
and 9.51Ω/sq, respectively, while the corresponding standard
deviations are 1.45Ω/sq and 2.27Ω/sq.
Figure 6 presents the attainable read ranges of the 3D-
printed tags before and after the high humidity conditions.
Despite the variation in the antenna thickness, all similarly
fabricated tags showed similar performance. As can be seen,
the peak read ranges of the tags with printed antenna-IC
joints can achieve 5.2 meters, which is about 0.4 meters
higher than the read ranges of the tags with epoxy-glued
joints. Thus, the 3D-printed electric interconnection can be
considered to be a good replacement for the epoxy-glued one.
However, in order to draw further conclusions, the effects
of antenna thickness variation on the tag read range should
be studied with a significantly larger amount of antenna
samples. Also, the contact resistances of the printed and glued
IC attachments need to be investigated, and especially the
variation of hand-made glue connections can affect the read
ranges.
Both types of tags also show better performance than
earlier published results using the same antenna geometry
and conductive ink [2], where the graphene tag antennas
were fabricated by doctor-blading on a cotton fabric substrate
and the IC was attached with conductive epoxy. The same
antenna geometry has been previously also reported to be
3D-printed using silver and copper inks [3]. The achieved
peak read ranges for the copper- and silver-based tags were
around 6 and 11 meters, respectively. Thus, the graphene ink
cannot yet offer comparable read ranges to silver-based inks,
but the achieved read ranges are suitable for many RFID
identification and sensing applications. Also, it is interesting
to study the effect of antenna thickness, for example, antennas
with two or more layers of ink, on the tag performance.
Based on the moisture test, the read ranges of both types
of tags decrease after 1 minute in high humidity conditions,
which is also supported by the fact that the sheet resistances
of the graphene antennas increase as the humidity level
increases. After keeping the tags in high humidity, the read
ranges of the tags with the epoxy-glued and printed antenna-
IC interconnections decrease 0.8 meters and 0.5 meters,
respectively. The effect of humidity on the tags with the
epoxy-glued ICs is more significant, most probably due to
the moisture absorption of the glue itself, which affects
the antenna-IC impedance matching. This finding strongly
supports the use of the printed antenna-IC joint. For the
tags with the printed IC attachment, the read range in the
frequency range of 850–900MHz, after the humidity test, is
better than that in the dry state. It could be true that despite
4 International Journal of Antennas and Propagation
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printed joint.
614.48 𝜇m 612.52 𝜇m
661.38 𝜇m
Figure 5: A cross-section of a printed antenna and its thickness.
Initial
dry 1 week
dry 1 day
dry 1 hour
after 1min humidity
3
4
5
6
At
ta
in
ab
le
 re
ad
 ra
ng
e (
m
)
875 900 925 950 975 1000850
Frequency (MHz)
(a)
Initial
dry 1 week
dry 1 day
dry 1 hour
after 1min humidity
3
4
5
6
At
ta
in
ab
le
 re
ad
 ra
ng
e (
m
)
875 900 925 950 975 1000850
Frequency (MHz)
(b)
Figure 6: Read ranges of graphene RFID tags before and after high humidity conditions: (a) epoxy-glued IC attachment and (b) printed IC
attachment.
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the increased ohmic losses caused by the water, the read
range in that frequency range increases due to the changed
antenna impedance and power reflection from the antenna-
IC interface. It should be noted that humidity can also have
an effect on the fabric substrate. The moisture can affect the
dielectric constant and loss tangent of the fabric, which can
affect the wireless performance of the tags.
After drying for one hour in room conditions, the read
ranges of both types of tags gradually increase back to
normal. After 1 week, when the tags are totally dry, the
performance of both types of tags has returned close to the
initial performance. Thus, the harsh moisture test did not
have a permanent effect on the performance of these tags.
5. Conclusions
In this paper, the possibility of applying 3D direct-write
dispensing to form the antenna-IC connection together with
the antenna was studied in order to simplify the manufac-
turing process of passive graphene UHF RFID tags on cotton
fabric. The results were compared to tags fabricated with
epoxy-glued ICs. Also, the effects of moisture on the tag
performance were investigated. Based on our results, the tags
with the 3D-printed antenna-IC interconnections showed
excellent wireless performance and read ranges comparable
to the tags with the epoxy-glued ICs. Moreover, moisture
did not have a significant detrimental effect on either type of
tags, and the slightly decreased performance returned back to
normal when the tags were dry again.These findings support
the use of 3D-printing in fabrication of graphene antennas
and the use of the printed antenna-IC attachment method.
However, more work needs to be done in order to drawmore
extensive conclusions.
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Abstract—This study presents the potentials of 3D printing 
in the utilization of passive RFID components on a cotton 
substrate. New types of 3D-printable conductive materials, 
graphene ink and stretchable silver conductor, are used in 
antenna fabrication. Our measurement results confirm that 
both types of wireless components reach high performance: the 
achievable read ranges of the graphene and stretchable tags are 
close to 5 and 11 meters, respectively. These results are well 
comparable to those of previously reported silver and copper 
textile RFID tags. 
Keywords—3D printing; graphene ink; RFID antennas; 
stretchable conductor, textiles; wearable electronics. 
I.  INTRODUCTION 
 Passive ultra high frequency (UHF) radio-frequency 
identification (RFID) components integrated into textiles, that 
are at the center of this study, offer versatile possibilities for 
wearable identification and sensing applications [1][2]. 
Metallic particles as the conductive antenna element bring 
high material costs. They also usually require high sintering 
temperatures or other sintering approaches [1][3]. An 
alternative could lie in carbon-based materials, such as 
graphene, which is an environmentally friendly and low-cost 
material [4][5]. In addition, in wearable applications, the 
antennas must be embedded as part of clothing, where they 
need to show high reliability in conditions of repeated 
mechanical stress. This leads to the task of realizing 
stretchable and bendable antennas [6]. 
In this paper, we present 3D-printed graphene and 
stretchable passive UHF RFID tags, and evaluate their 
wireless performance. The results are compared to those of 
previously published silver- and copper-based 3D-printed 
textile tags, as well as to previously reported graphene-based 
and stretchable RFID tags on textile materials. 
II. TAG FABRICATION 
First, 3D direct-write dispensing was carried out to print 
graphene-based and stretchable antennas on a 100 % cotton 
fabric. HDPlas® IGSC02002, a water-based graphene ink, 
and a stretchable silver conductor, DuPont PE872, were 
selected as antenna materials.  
The 3D printing was completed by nScrypt tabletop 3D 
direct-write dispensing system, and the main manufacturing 
parameters are defined in Table I. For each conductive ink, 3 
antenna samples were fabricated, to also evaluate the 
reproducibility. After printing, the graphene-based tag 
antennas were cured at 60 °C for 30 min, while the stretchable 
antennas were cured at 110 °C for 15 min.  
Finally, NXP UCODE G2iL series RFID ICs (integrated 
circuit), provided by the company in a strap, were attached to 
the antennas with silver epoxy (Circuit Works CW2400). 
Ready tags with their dimensions are shown in Fig. 1 and 
magnifications of 3D-printed antennas are presented in Fig. 2. 
As shown, both inks had good adherence to the fabric. 
TABLE I.  MAIN 3D PRINTING PARAMETERS 
3D printing parameters  
Material feed pressure 16.9 Psi 
Printing spacing 125 microns 
Printing angle 0° 
Inner diameter of tip 125 microns 
 
 
 
Fig. 1. Graphene (top) and stretchable (bottom) 3D-printed RFID tags. 
  
Fig. 2. Optical microscopic image of 3D-printed graphene ink (left) and 
stretchable conductor (right). 
III. MEASUREMENTS AND RESULTS 
Voyantic Tagformance RFID measurement system was 
used to evaluate the fabricated components. The wireless 
channel from the reader antenna to the measurement location 
was firstly characterized with a reference tag. The theoretical 
read range is calculated based on the measured path loss and 
threshold power, and is based on the relationship given in (1). 
𝑑𝑇𝑎𝑔 =
𝜆
4𝜋
√
𝐸𝐼𝑅𝑃
𝑃𝑇𝑆 𝐿𝑓𝑤𝑑
                              (1) 
where λ is the wavelength transmitted from the reader 
antenna, PTS and Lfwd are the measured threshold power and 
forward losses, correspondingly, and EIRP is the emission 
limit of an RFID reader, given as equivalent isotropic radiated 
power (3.28 W, which is the emission limit in European 
countries). 
Fig. 3 shows the attainable read ranges of both types of 
fabricated tags. The peak read ranges of tags with graphene 
ink and stretchable conductor were 4.8 meters and 10.9 
meters, respectively, which is in the range of many wearable 
identification and sensing applications. All three same type of 
tags showed similar wireless performance. The peak read 
ranges together with the corresponding measured thicknesses 
and sheet resistances are shown in Table II. Compared to the 
antennas fabricated from the stretchable conductor, the 
graphene antennas have a thicker conductive layer but higher 
sheet resistance.     
The read range results of the graphene ink-based tags are 
superior to earlier published results using the same antenna 
design and the same antenna material [5], where the graphene  
antennas were utilized by doctor-blading on a cotton fabric 
substrate. These tags achieved read ranges of around 1.6-2 
meters. The results of the stretchable ink tags are also superior 
to those of the same antenna and stretchable conductor [6], 
where tags fabricated by doctor-blading on a cotton substrate 
achieved maximum read ranges of around 9.5 meters. Thus, 
the antennas presented here, fabricated via 3D printing, show 
significantly superior performance compared to the earlier 
results.  
The same tag design has been previously reported to be 
3D-printed using silver and copper inks [1]. The achieved 
peak read ranges for the copper- and silver-based tags were 
around 6 and 11 meters, respectively. Therefore, in addition 
to the highly desired stretchability [6][7], the stretchable 
conductor material can offer comparable read ranges.  
This work presents that 3D printing with graphene ink and 
stretchable conductor can be considered to be a solution for 
future cost- and time-effective textile antenna fabrication. We 
focused on evaluating the performance of the invented tags in 
air, without any environmental stresses or the effects of the 
closeness of the human body. The next step is to study the 
reliability of these wireless components in different 
environmental conditions. Especially the effects of humidity, 
together with bending and stretching, will be studied. The tags 
will also be tested attached to clothing, in order to study the 
effects of real body movements on the reliability of the 
clothing-integrated components.  
 
TABLE II.  MEASURED ANTENNA PROPERTIES 
Used ink 
Read 
range 
Average 
thickness 
Thickness 
standard 
deviation 
Sheet 
resistance 
Graphene 4.8 m 479.4 µm 23.8 µm 6.7 Ω/sq 
Stretchable 10.9 m 402.7 µm 20.7 µm 0.2 Ω/sq 
 
 
Fig. 3. Read ranges of graphene and stretchable tags. 
IV. CONCLUSION 
In this paper, we presented 3D-printed passive RFID tags 
on a cotton substrate, fabricated from graphene ink and 
stretchable silver conductor. Based on our measurements, the 
tags showed very good wireless performance, and achieved 
read ranges of 4.8 meters and 10.9 meters, respectively. By 
utilizing the direct-write dispensing manufacturing method, 
antennas can be produced efficiently and reliably, to a variety 
of different geometries. The next step is to study the reliability 
of the fabricated textile tags. Also tags designed to be used 
near the human body will be fabricated and their on-body 
reliability will be tested. 
REFERENCES 
[1] T. Björninen, J. Virkki, L. Sydänheimo, and L. Ukkonen: ‘Possibilities 
of 3D direct write dispensing for textile UHF RFID tag manufacturing’, 
in IEEE APS/URSI, 2015. 
[2] D. Patron, et al.: ‘On the use of knitted antennas and inductively 
coupled RFID tags for wearable applications,’ in IEEE Trans. Biomed. 
Circuits Syst., vol. 10, no. 6, pp. 1047-1057, 2016. 
[3] G. Xiaohui, et al.: ‘Flexible and wearable 2.45 GHz CPW‐fed antenna 
using inkjet‐printing of silver nanoparticles on pet substrate’, in 
Microw Opt Technol Lett., vol. 59, no. 1, pp. 204-208, 2017. 
[4] X. Huang, et al.; ‘Binder-free highly conductive graphene laminate for 
low cost printed radio frequency applications’, Appl. Phys. Lett., vol. 
106, no. 20, 2015. 
[5] M. Akbari, J. Virkki, L. Sydanheimo, and L. Ukkonen: ‘Toward 
graphene-based passive UHF RFID textile tags: a reliability study,’ 
IEEE Trans. Device Mater. Rel., pp. 429-431, 2016. 
[6] J. Virkki, T. Björninen, M. Akbari, and L. Ukkonen: ‘Strain reliability 
and substrate specific features of passive UHF RFID textile tag 
antennas‘, in IEEE ICECS, 2016. 
[7] J. A. Rogers, T.  Someya, Y. G. Huang ‘Materials and mechanics for 
stretchable electronics,‘ Science, vol. 327, no. 5973,  pp. 1603–1607, 
2010. 
 
 
 
 
Publication VII 
 
 
 
 
 
H. He, X. Chen, L. Ukkonen, and J. Virkki, “Textile-Integrated Three-Dimensional Printed and 
Embroidered Structures for Wearable Wireless Platforms’’, Textile Research Journal, published 
online, doi: https://doi.org/10.1177/0040517517750649. 
 
The permissions of the copyright holders of the original publications to reprint them in this thesis are 
hereby acknowledged. 
 
 
 
Textile-Integrated 3D-Printed and Embroidered Structures for Wearable 
Wireless Platforms 
 
Abstract 
In this paper, we present fabrication and performance evaluation of 3D-printed and 
embroidered textile-integrated passive ultra high frequency (UHF) radio frequency 
identification (RFID) platforms. The antennas were manufactured by 3D printing 
stretchable silver conductor directly on an elastic band. The electric and mechanical 
joint between the 3D-printed antennas and microchips was formed by gluing with 
conductive epoxy glue, by printing the antenna directly on top of the microchip 
structure, and by embroidering with conductive yarn. Initially, all types of fabricated 
RFID tags achieved read ranges of 8-9 meters. Next, the components were tested for 
wetting as well as for harsh cyclic strain and bending. The immersing and cyclic 
bending slightly effected the performance of the tags. However, they did not stop the 
tags from working in an acceptable way, nor did they have any permanent effect. The 
epoxy-glued or 3D-printed antenna-microchip interconnections were not able to endure 
harsh stretching. On the other hand, the tags with the embroidered antenna-microchip 
interconnections showed excellent wireless performance, both during and after a 100 
strong stretching cycles. Thus, the novel approach of combining 3D printing and 
embroidery seems to be a promising way to fabricate textile-integrated wireless 
platforms. 
 
Keywords 
Antennas; embroidery; interconnections; passive UHF RFID; stretchable electronics; 
textile-integrated electronics; wearable platforms; 3D printing 
 
Introduction 
 
The growing interest towards wireless body area 
networks (WBAN), which will enable future 
body-centric wireless communication and 
sensing applications, has created a huge demand 
for textile-integrated electronics. The research 
and development work around WBAN 
technologies is currently very active [1-5]. 
     One key technology in this interesting area is 
passive radio frequency identification (RFID) 
technology, which uses battery-free remotely 
addressable electronic tags, composed only of 
an antenna and a microchip [6][7]. The use of 
propagating electromagnetic waves in the ultra 
high frequency (UHF) frequency range for 
wirelessly powering and communicating with 
the passive tags enables rapid interrogation of a 
large number of tags. The communication with 
the tags is possible through various media, 
which means the components can e.g., be 
integrated into clothes. Thanks to the energy 
efficient mechanism of digitally modulated 
scattering utilized in the wireless 
communication between an RFID reader and 
tags, the data can be read from a distance of 
several meters. This makes the battery-free 
passive tags promising candidates as 
identification and sensing platforms as well as 
digital entities in future WBANs. 
      During actual use, these wearable wireless 
components have to endure many kinds on 
environmental stresses, such as harsh weather 
conditions and continuous washing [8]-[10]. 
Also mechanical stresses, including stretching 
and bending, are always involved in wearable 
applications, and cause challenges for the design 
and manufacturing of wireless components 
[8][11][12]. One major reliability challenge lies 
in the electric and mechanical interconnections 
of wearable platforms [10][12].  
    3D direct-write dispensing is a fast and low-
cost additive manufacturing method, which 
enables the printing of complex geometries with 
a high, micron resolution, accuracy. It has 
shown potential to be used for fabrication of 
conductors and antennas on textile substrates 
[13][14]. This 3D printing method has been 
recently proved to also be useful for fabrication 
of electric interconnections between microchips 
and antennas [14].  Embroidery is a simple but 
versatile fabrication method, with a great 
potential in conductor and antenna fabrication, 
when done using conductive yarn 
[5][12][15][16]. Further, embroidery has also 
been found to be a useful approach for 
embedding reliable electronic interconnections 
into textile materials [12][15][17]-[20]. In a 
word, these two techniques provide the 
foundation for integrating passive RFID 
platforms into textiles, which will be the focus 
of this study.  
In this paper, we present the fabrication and 
wireless performance of textile-integrated 
stretchable passive UHF RFID tags, and 
evaluate their reliability in high moisture 
conditions, as well as during and after cycling 
bending and stretching.  The tags have 3D-
printed stretchable antennas, and antenna-
microchip interconnections fabricated by three 
different ways: Firstly, by using previously 
commonly reported gluing with conductive 
silver epoxy; secondly, by utilizing a recently 
invented 3D-printed interconnection that is 
printed together with the antenna; and finally, by 
establishing a novel hybrid approach of 3D 
printing and embroidery, i.e., by sewing with 
conductive yarn on the printed antenna. In 
addition to the textile-integrated tag robustness, 
we evaluate the effects of the interconnection 
type on the tag performance and reliability. 
 
3D printing of tag antennas 
 
In this work, 3D direct-write dispensing was 
used to fabricate stretchable RFID tag antennas 
on a stretchable textile material, i.e., on an 
elastic band. A stretchable silver conductor 
(DuPont PE872) was selected as antenna 
material. The 3D printing was completed by 
nScrypt tabletop series 3D direct-write 
dispensing system; the main manufacturing 
parameters are defined in Table 1. The printing 
spacing and angle can be defined when 
designing the printed pattern, by a built-in 
software. The air pressure from a positive 
pressure pump is applied to the system, which 
pushes the ink into the main valve body, and 
finally through a ceramic nozzle tip. The 
printing system can produce a controllable ink 
flow, precise starts and stops, and the ability to 
utilize a wide range of material viscosities [21]. 
 
Table 1. 3D printing parameters. 
Parameter  
Material feed pressure 16.9 Psi 
Printing spacing 125 microns 
Printing angle 0° 
Inner diameter of tip 125 microns 
Number of printed layers 1 
Curing 110 °C, 15 minutes 
 
Simple printed lines with dimension of 60 
mm x 10 mm were studied first, instead of fully 
printed antennas, to understand the ink 
properties. Only one layer of ink was printed, 
and the lines were cured at 110 °C for 15 
minutes. Fig. 1 presents the cross-section of the 
printed line, which shows the ink layer and the 
textile substrate. The conductive paste thickness 
measured from different parts is 555.4 µm, 
529.8 µm, and 550.9 µm. Based on these three 
values, the calculated average value of thickness 
is 545.3 µm. In addition, the ink is absorbed by 
the fabric substrate in some areas, which is also 
indicated in Fig. 1. Due to the absorption, the 
measured thickness in these parts is 801.3 µm. 
The impact of stretching on the resistances of 
the printed lines was studied by stretching them 
from the initial length of 60 mm to 80 mm. The 
resistance measurements in this study were done 
using a Fluke 115 multimeter. The measurement 
probes were placed in the opposite corners of the 
printed lines, along longitudinal direction (60 
mm). 
The resistance results during strain are shown 
in Table 2. Then, as described in Table 3, the 
resistances of the printed lines were measured 
after 10, 20, 50, and 100 stretching cycles, where 
the lines were stretched from 60 mm to 80 mm 
and back. The frequency of the stretching cycles 
was 10 times / minute. The resistances were 
measured immediately after the stretching 
cycles.  
The surface of a printed pattern before and 
during stretching is shown in Fig. 2. As can be 
seen, the ink layer had a good adherence to the 
fabric substrate before stretching. During 
stretching, there are some small cracks, which 
leads to the increase of the resistance, as 
presented Table 2. The increased resistances in 
Table 3, on the other hand, are caused by these 
small cracks not fully returning to their initial 
smooth structure immediately after strain.  
Further, Table 4 shows the resistances of the 
lines measured immediately after the printed 
pattern was dipped in water for 1 minute and 10 
minutes. It can be seen that wetting did not 
introduce any effect on the resistances of the 
printed patterns.  
For both tests, immersing and stretching, two 
printed lines with the same dimension were 
utilized, to make sure the measurement were 
repeatable, and they had a similar performance 
in terms of resistance during the tests. 
Next, the antenna design presented in Fig. 3. 
was printed on the stretchable textile, in order to 
utilize stretchable textile-integrated RFID 
components. The antenna is quite wide (2 cm), 
which reduces the impact of imperfections in the 
print outcome, and the length of the antenna (10 
cm) is sufficient to avoid the weaknesses of 
electrically small antennas in the UHF 
frequencies from 800 MHz to 1000 MHz. Only 
one layer of ink was used, and also the antennas 
were cured at 110 °C for 15 minutes. 
 
 
Fig. 1. Cross-section of a 3D-printed conductive line. 
 
  
Fig. 2. Optical microscopic image of a 3D-printed line 
before stretching (left) and during stretching (right). 
 
  
a (mm) b (mm) c (mm) L (mm) W (mm) 
14.3 8.125 2 100 20 
Fig. 3. A microchip strap (left) and the tag antenna 
structure (right). 
 
 Table 2. The resistance of the printed line during various 
strain positions. 
Length (mm) Resistance (Ω) 
60 (initial) 0.7 
70 9.2 
80 21.5 
 
Table 3. The resistance of the printed line after 
stretching cycles. 
Stretching cycles Resistance (Ω) 
initial 0.7 
10 2.3 
20 5.5 
50 22.4 
100 66.7 
After 1 week 1.9 
 
Table 4. The resistance of the printed line in high 
humidity conditions. 
Time in water (min) Resistance (Ω) 
initial 0.7 
1 0.7 
10 0.7 
 
IC attachment methods 
 
The used microchip, i.e., integrated circuit 
(IC) was NXP UCODE G2iL series RFID IC, 
provided by the manufacturer in a strap 
patterned from copper on a plastic film. The IC 
strap structure is shown in Fig. 3.  
Three different methods were studied for the 
antenna-microchip interconnection: The first 
method was a commonly used way, where the 
IC is attached on top of the printed and cured 
antenna with conductive silver epoxy (Circuit 
Works CW2400). This method has been used, 
e.g., in [10][12][16]. It is proved that this epoxy 
glue shows good conductivity and establishes a 
well-working electric interconnection between 
antenna and IC. However, some challenges have 
been reported, such as reliability problems under 
mechanical stress and continuous washing 
[10][12].  
In the second method, the antenna was 
deposited on top of the IC strap pads, and thus 
the antenna-IC interconnection was cured 
together with the antenna. Before printing, a 
reference point on the fabric substrate needs to 
be set using the built-in software of the 3D 
printer, in order to determine the position of the 
antenna. Then, IC strap is placed on the exact 
position on the substrate, and the antenna is 
printed on the substrate and on the IC strap 
copper pads. This recently invented 3D-printing 
approach skips one process step, and thus saves 
significant amounts of time and costs. This type 
of 3D-printed interconnection has showed 
suitable electric performance in  recent studies, 
where graphene ink [14] and non-stretchable 
silver ink [13] have been used to fabricate RFID 
tags. However, no reliability evaluations have 
been reported. 
In the third method, embroidery technique 
was utilized for attaching the IC on the printed 
antenna pattern. The IC strap copper pads were 
embroidered on the 3D-printed tag antenna 
using Husqvarna Viking embroidery machine 
and conductive yarn (Shieldex multifilament 
thread 110f34 dtex 2-ply HC). The DC linear 
resistivity of the thread is 500 ± 100 Ω/m, and 
the diameter is approximately 0.16 mm. We 
attached the IC strap copper pads to the 3D-
printed antennas by embroidering a cross over 
them with conductive yarn, as shown in Fig 4. 
This type of attachment has been previously 
utilized with embroidered and electro-textile 
antennas [10][16].  
To the best of our knowledge, this paper is 
the first presentation of combining embroidered 
and 3D-printed structures on textile-integrated 
RFID platforms. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 4. Ready RFID tags and magnifications of the 
antenna-IC interconnections: (a) epoxy-glued joint, (b) 
3D-printed joint, (c) embroidered joint. 
 
For each tag type, two samples were fabricated 
to also evaluate the reproducibility. All three 
types of ready 3D-printed tags with different IC 
attachment methods and corresponding 
magnifications of the antenna-IC 
interconnections are shown in Fig. 4. 
 
Wireless measurements  
 
The tags were tested wirelessly using Voyantic 
Tagformance measurement system [22], which  
includes an RFID reader with an adjustable 
transmission frequency (0.8…1 GHz) and 
output power (up to 30 dBm), and provides the 
recording of the backscattered signal strength 
(down to −80 dBm) from the tag under test.  
All the measurements were conducted with 
the tested tag suspended on a foam ﬁxture in an 
anechoic chamber. The measurements were 
obtained from a fixed angle between the reader 
antenna and the tag, in order to achieve 
optimized performance and high read range. The 
angle was 0 degrees, which means the longer 
side of the antenna, where the IC was attached, 
was directly facing the reader antenna.  
During the test, we recorded the lowest 
continuous-wave transmission power (threshold 
power: Pth) at which the tag remained responsive. 
Here we defined Pth as the lowest power at 
which a valid 16-bit random number from the 
tag is received as a response to the query 
command in ISO 18000-6C communication 
standard. In addition, the wireless channel from 
the reader antenna to the location of the tested 
tag was characterized using a system reference 
tag with known properties. As detailed in [23], 
this enabled the measurement device to estimate 
the attainable read range of the tag (dTag) from 
 
𝑑𝑇𝑎𝑔 =
𝜆
4𝜋
√
𝐸𝐼𝑅𝑃
𝛬
𝑃𝑡ℎ
𝑃𝑡ℎ
∗
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where Pth is the measured threshold power of the 
tag, Λ is a known constant describing the 
sensitivity of the system reference tag, Pth* is the 
measured threshold power of the system 
reference tag, and EIRP is the emission limit of 
an RFID reader, given as equivalent isotropic 
radiated power. All results correspond to EIRP 
= 3.28 W, which is the emission limit in 
European countries.  
      Based on the calibration data provided by 
the manufacturer of the measurement system, 
we have estimated that the maximum variability 
in dTag due to variability in the system reference 
tag (Λ) and the output power meter of the reader 
(Pth and Pth*) is less than 5 % throughout the 
studied frequency range. 
 
 
 
 
Measurement results 
 
Fig. 5 shows the attainable read ranges of all 
types of fabricated tags. As can be seen, all these 
tags initially showed similar wireless 
performance and both “same type of tags” 
showed similar performance. The peak read 
ranges of the tags with epoxy-glued joint, 3D-
printed joint, and embroidered joint were 8.8 
meters, 9.6 meters, and 8.1 meters, respectively. 
These results are very promising when 
compared to earlier reported RFID tag results: 
The performance is similar or superior to 3D-
printed silver and copper RFID tags, 
respectively [13], and significantly superior to 
3D-printed graphene RFID tags [14] on textile 
substrates. Further, none of these previously 
reported 3D-printed RFID components has been 
stretchable. 
 
 
Fig. 5. Attainable read ranges of all types of stretchable 
tags in original state. 
 
Next, three types of reliability evaluation 
tests, including an immersing test, a bending 
test, and a stretching test, were performed.  
 
A. Immersing test 
 
First, the effects of very high humidity and 
wetting on the tag performance were 
investigated. During the test, the tags were 
placed in tap water (pH = 6.5-7), as shown in 
Fig. 6, and wirelessly measured before the test 
and immediately after 1 minute in water. The 
tags were then left in room conditions to dry, and 
were measured again after 1 hour, and after 1 
day. The wireless performance of the tags during 
and after the test are shown in Fig. 7. 
Based on the measurement results, the read 
ranges of all types of tags decrease after 1 
minute in water. The absorbed moisture affects 
the dielectric constant and loss tangent of the 
fabric substrate, which affects the performance 
of the antenna, as well as the antenna-IC 
impedance matching, and thus the wireless 
performance of the tags. After drying for one 
hour in room conditions, the read ranges of all 
types of tags have increased close to normal, but 
there is still a significant shift in the peak 
frequency range, caused by the absorbed 
moisture. After 1 day, when the tags are dry 
again, the wireless responses of all types of tags 
have returned to the initial performance. Thus, 
the harsh test did not have a permanent effect on 
the performance of these tags. 
 
B. Bending test 
 
In the bending test, the tags were bent over a 
30 mm thick structure in Y-direction, as shown 
in Fig. 6. The wireless performance was 
measured at different steps: before bending, 
when bent, and in a non-bended state after up to 
100 bending cycles. The frequency of the 
bending cycles was 10 times / minute. Fig. 8 
shows the read ranges of all types of tags when 
testing the bending performance. As can be 
seen, the read ranges of all types of tags decrease 
about 2 meters during bending, but when 
measured in the non-bended state, the 
performance of these tags is stable even after a 
100 times of bending.  
 
C. Stretching test 
In the stretching test, the performance of the 
tags was studied by stretching them from the 
initial length of 100 mm to 105 mm, 110 mm, 
and 115 mm. The stretching was done by 
attaching the tags to the foam structure with 
tape. The components were measured during 
each elongation. Based on the results, the tags 
with epoxy-glued IC attachment and 3D-printed 
IC attachment were not stretchable, since the 
antenna-IC interconnections of these tags were 
easily broken. See Fig. 9 for broken IC 
attachments. The attainable read ranges of the 
tags with embroidered antenna-IC 
interconnections under incremental strains from 
0 % to 15 % are presented in Fig. 10 (a). In 
addition, Fig. 10 (b) shows the attainable read 
ranges in a non-stretched state after 20, 50, and 
100 stretching cycles, where the tags were 
stretched from 100 mm to 115 mm each time. 
The frequency of the stretching cycles was 10 
times / minute. After all stretching cycles, the 
tags recovered in room conditions for 5 days, 
and the performance was measured again.
 
  
(a)                                           (b) 
 
(c) 
Fig. 6. Reliability evaluations: (a) immersing test, (b) bending test, (c) stretching test. 
 
 
 
(a)                                                           (b)                                                             (c) 
Fig. 7. Attainable read ranges of tags in the immersing reliability test: (a) tag with a glued antenna-IC joint, (b) tag with 
a 3D-printed antenna-IC joint, (c) tag with an embroidered antenna-IC joint. 
 
 
(a)                                                           (b)                                                             (c) 
Fig. 8. Attainable read ranges of tags in bending reliability test: (a) tag with a glued antenna-IC joint, (b) tag with a 3D-
printed antenna-IC joint, (c) tag with an embroidered antenna-IC joint. 
 
The results in Fig. 10 (a) show that the tags 
with embroidered antenna-IC joints 
experienced a slight downward shift in the 
frequency of the peak read range when 
stretched increasingly. It is noticeable that the 
peak read range value was only slightly 
effected by the harsh strain, and the tags 
showed excellent read ranges of over 6 meters 
throughout the global UHF frequency band, 
even when stretched from 100 mm to 115 mm. 
Moreover, as shown in Fig. 10 (b), after a 
100 stretching cycles (stretched from 100 mm 
to 115 mm each time), the peak read range was 
still around 7 meters. It can be seen that the 
reduction in the performance of the non-
stretched state tag also declined with the 
number of stretching cycles. After recovered 5 
days in room conditions, the read range 
returned to 8 meters, which is only 0.8 meters 
less than the initial performance. It should also 
be noted a read range of 7 meters is still a very 
good result, especially since the tag is readable 
throughout the global UHF RFID band (860-
960 MHz). 
All the reliability evaluation tests and their 
results are summarized in Table 5. 
 
  
Fig. 9. Broken antenna-IC interconnections of epoxy-
glued joint (left) and 3D-printed joint (right). 
 
(a) 
 
(b) 
Fig. 10. Attainable read ranges of a tag with an 
embroidered antenna-IC joint: (a) during various 
elongations, (b) after multiple stretching cycles 
(stretched from 100 mm to 115 mm each time).  
 
Table 5. Reliability evaluation results. 
IC 
attachment 
method 
Peak 
read 
range 
Immersing 
test 
Bending 
test 
Stretching 
test 
Epoxy-glued 8.8 m good good fail 
3D-printed 9.6 m good good fail 
Embroidered 8.2 m good good good 
 
Conclusions 
 
    In this paper, the possibility of 3D printing 
on a stretchable textile material using 
stretchable silver conductor was studied for 
RFID tag antenna fabrication. For microchip 
attachment, conductive epoxy glue, 3D 
printing, and embroidery were used, in order to 
find the most reliable methods to embed 
wireless platforms into textiles. 
     Initially, the tags with 3D-printed antenna-
IC joints achieved the longest read ranges, 
which were around 0.8 meters and 1.6 meters 
better than the tags with epoxy-glued and 
embroidered joints, respectively.  
Wetting and cyclic bending did not stop the 
tags from working in a suitable way, and they 
did not have any permanent effect on the tags’ 
wireless performance. The results of the 
immersing test show the great potential of our 
wearable tags in a high humidity environment. 
These tags could work near a sweating body 
and even when dipped in water. Moreover, the 
bending test results indicate that the tags could 
be bended repeatedly while maintaining a 
stable performance, which is very important 
when integrating these platforms into clothing. 
The tags with embroidered antenna-IC 
attachment on a 3D-printed antenna showed 
the best reliability in continuous strain, as they 
were the only ones withstanding harsh 
stretching. Moving to stretchable antennas and 
interconnections will lead the way for practical 
integration of electronics into clothing. A 
combination of 3D printing and embroidery is 
a promising fabrication approach for solving 
the current reliability challenges in RFID 
antenna-IC interconnections and for taking the 
next steps in establishment of textile-integrated 
identification and sensing platforms. The next 
phase is to test the washing reliability of these 
fabricated tags, by combining mechanical 
stresses and moisture in a washing machine. 
This also means that suitable coating methods 
and materials need to be studied. In the future, 
we also plan to replace the stretchable silver 
conductor with a carbon-based stretchable 
conductor, which will offer a lower cost. 
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